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Abstract 

Emissions from open burning and open detonation (OB/OD) of military ordnance were sampled 
using a novel aerostat-lofted instrument (termed the “Flyer”). Air emissions from OB/OD opera-
tions have been very difficult to characterize because of rapid plume dispersion, the short dura-
tion of the event, the heterogeneous emission concentrations, large plume lift, soil entrainment, 
and explosive safety restrictions. A 16 ft (4.9 m) helium-filled aerostat/Flyer was maneuvered 
into the plumes by two tethers connected to two remotely controlled winches mounted on all-
terrain vehicles. With a criterion of CO2 elevated above ambient concentration, 71% of the 109 
detonations were successfully sampled over a three week period from June 11 to June 27, 2012 at 
Tooele Army Depot, UT. Bulk energetics and cased munitions, including Comp B, V453, and 
V548 munitions, were variously detonated on the surface or at soil cover depths of 3 ft (1 m) and 
6 ft (2 m). Emissions were characterized for determination of particulate matter (PM) by size, 
CO2, volatile organic compounds (VOCs), energetics, and metals. This work is the first emission 
sampling of soil-covered metal-cased ordnance detonations in the open atmosphere and deter-
mined the first PM2.5 emission data for OD operations.  

A total of 13 open burns were conducted on two ammonium perchlorate based propellants for 
measurement of HCl, perchlorate, and chlorate species. Simultaneous measurements of CO2 con-
centration and aerostat/Flyer position were made to compare against predictions from the Open 
Burn/Open Detonation Dispersion Model (OBODM).  

Energetic emissions were typically less than 1/100,000 of that in the original munition by mass. 
Limited evidence suggests that soil-covered detonations have higher energetics release than do 
surface detonations. Emissions, however, seem to be munition-specific as V548 released about 
30 times that of the other munitions. Continuous particle size measurements show that 59% of 
the PM mass in the plume is less than PM with particles 2.5 µm in diameter or smaller (PM2.5) 
and the total PM mass is much greater than that from the ordnance alone, as the plume contains 
large quantities of soil particles. The fate of metals in the emissions is metal- and ordnance-type-
specific. Less than 1% of zirconium and 22% of hafnium, metals found in the munition and not 
typically in the soil, were found in the plume. 

This work, SERDP project WP-2233, is a continuation of Strategic Environmental Research and 
Development Program (SERDP) project WP-1672 “Feasibility of New Technology to Compre-
hensively Characterize Air Emissions from Full Scale Open Burning and Open Detonation” and 
WP-2153 “Innovative Technology Development for Comprehensive Air Quality Characterization 
from Open Burning”, which were successfully completed in FY10 and FY12, respectively.  
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1. Introduction 

1.1 Project Overview 

U.S. Department of Defense (DoD) Installations, especially demilitarization facilities and Army 
Ammunition Plants, have long used Open Burning/Open Detonation (OB/OD) as a safe, effec-
tive, and economic means to dispose of propellants, explosives, and waste military munitions. 
DoD installations are required to comply with the Resource Conservation and Recovery Act 
(RCRA) to operate OB/OD facilities. RCRA permits provide annual limits on the amount of en-
ergetic materials that can be disposed of at OB/OD facilities. The permit limitations are based on 
human health risk assessments that include evaluation of risks from airborne exposure to emis-
sions generated from OB/OD. These assessments have used emission factors developed from 
limited open atmosphere testing as well as from a small-scale OB/OD chamber known as a 
BangBox®. These chamber studies have limitations, primarily related to questions of representa-
tiveness. Open air, full-scale field OB/OD air emissions determinations resolve questions of rep-
resentativeness but these air emission characterizations are very difficult because of rapid plume 
dispersion, short event duration, heterogeneous emission concentrations, large plume lift, soil 
entrainment, and explosive safety restrictions. Results from improved methods and equipment 
for conducting open atmosphere air emissions testing for OB/OD will confirm a capability for 
determining representative air emission factors, validate current emission factors, and produce 
high quality emission factors that address known data gaps.  

The Strategic Environmental Research and Development Program (SERDP) supported a research 
program to develop field measurement technology for OB/OD emissions that consisted of three 
one-year projects. Work on SERDP project WP-2233 is a continuation of work on SERDP pro-
jects WP-2153 “Innovative Technology Development for Comprehensive Air Quality Character-
ization from Open Burning” (Kim et. al, 2010) and WP-1672 “Feasibility of New Technology to 
Comprehensively Characterize Air Emissions from Full Scale Open Burning and Open Detona-
tion” (Kim et. al, 2012). For each project, the research team developed field campaign plans and 
conducted three to four week field campaigns at Tooele Army Depot, Utah, in March 2010 (WP-
1672), April 2011 (WP-2153), and June 2012 (WP-2233). Under WP-1672, the team conducted 
feasibility studies to test both in situ and optical remote sensing (ORS) emission measurement 
technologies for OB of M1 propellant and OD of 2,4,6-trinitrotoluene (TNT). The feasibility 
tests showed that both an in situ, balloon-lofted sampler known as the “Flyer” and an ORS meth-
od for particulate matter (PM) measurements showed promise. Because the Flyer was capable of 
additional measurements as well as PM, it was chosen as the measurement technology for the 
remaining emission measurement studies.  

Work on WP-2153 included OB emissions characterization of several propellants using the Flyer 
and work on WP-2233 focused on characterizing emissions from soil-covered OD. Close coordi-
nation with the DoD demilitarization community enabled the research team to determine the fea-
sibility of emission measurement systems, develop the capability to characterize air emissions 
from full-scale OB/OD operations, and generate accurate munitions disposal emission factors. 
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These emission factors will enable OB/OD facilities to calculate their mass emissions and oper-
ate at levels that comply with environmental regulations and protect human health and the envi-
ronment. 

1.2 Objectives 

The objectives of WP-2233 were to:  

1. Develop and demonstrate innovative methods capable of sampling air emission from soil-
covered detonations of metal-cased munitions and bulk energetics; 

2. Conduct a field campaign to measure emissions of CO2, CO, total PM, particles 10 µm in 
diameter or smaller (PM10), particles 2.5 µm in diameter or smaller (PM2.5), metals, volatile 
organic compounds (VOCs), and semivolatile organic compounds (SVOCs) that are energet-
ics; 

3. Develop capability to calculate and compile soil-covered OD emission factor data; and  
4. Identify and determine the effect of parameters potentially impacting emissions of concern. 

This project also included secondary objectives to measure emissions of CO2, CO, PM10, PM2.5, 
total PM, metals, and VOCs from OB of propellants containing ammonium perchlorate (AP). 

1.3 Background 

1.3.1 Previous OB/OD Emission Work 
Between 1961 and 1981, Ornellas conducted a series of bomb calorimeter detonation experi-
ments designed to determine how various factors influenced the efficiency and effectiveness of 
the detonation process (Ornellas, 1982). His experiments established that the major reaction 
products from an unconfined detonation were N2, CO2, and H2O, and the minor products were 
CO, H2, CH4, NO, NO2, HCN, HCl, HF, and VOCs. 

The first comprehensive  DoD study to characterize the air emissions from real-world open burn-
ing and detonation operations was conducted at Dugway Proving Ground (DPG), UT from 1984 
through 1986. The results were inconclusive (U.S. Army, 1988).  

In 1989 - 1990, the United States Army conducted a highly successful follow-on study (U.S. Ar-
my, AMMCOM, 1992[a-f]). The first stage of this follow-on study involved detonating 0.5 lb 
quantities of TNT and open burning 5-lb quantities of a double-base and a composite propellant 
in a 32,900 ft3 hemispherical chamber (BangBox®) at Sandia National Laboratories in Albu-
querque, NM. A suite of state-of-the art sampling systems was then used to characterize the iden-
tities and quantities of the pollutants present in the plumes. The results from these burns and det-
onations were used to select the plume sampling equipment subsequently used to measure chem-
icals of environmental concern in the plumes produced when large quantities of energetic materi-
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als were detonated and burned on an open test range at DPG. The sampling equipment selected 
was installed in a twin-engine, turboprop aircraft and the aircraft was used to sample the plumes 
released when 2,000 lb of high explosives were detonated and when 5,000 to 7,000 lb of propel-
lants were open burned in steel pans at DPG. 

Based on the test results,  DoD concluded that the emission factors for the predominant pollu-
tants produced in the BangBox® emissions tests were statistically equivalent to those produced 
in the DPG open range tests and those produced in Ornellas' bomb calorimeter experiments. That 
is, the pollutants did not change substantially even when the quantity of energetic material deto-
nated increased by a factor of 32,000.  

In 1992, the U.S. Environmental Protection Agency (USEPA) concurred with DoD's conclusions 
and agreed to accept BangBox®-produced emission factors as representative of those that would 
be derived through ground level, open-air detonation and burn tests. The U.S. Army then in-
stalled a BangBox® at DPG and conducted a series of studies that characterized the air emissions 
produced when bulk and cased high explosives were detonated and bulk propellants were burned 
(Mitchell and Suggs, 1998). These studies were then followed by larger scale detonation and 
burn experiments in a larger chamber at the Nevada Test Site that involved detonating 155MM 
projectiles and burning Hawk and NIKE rocket motors. All of these studies employed plume 
sampling and analysis systems that were similar to those used in the earlier DPG open range 
studies, but also had a larger list of target emission products (analytes). These follow-on studies 
filled in some of the major data gaps left by the open range studies and reconfirmed the conclu-
sions of Ornellas and the DPG open range tests. 

Work by Lindsay et. al, 2000 employed blimp sampling at Hill Air Force Base in 1998 and 1999 
to characterize emissions from OD. The emissions were sampled via canisters, silica tubes, and 
Teflon filters suspended from the blimp for CO2, VOCs, chloride analyses, and particulate mat-
ter. These tests were partially successful and showed the potential for aerial sampling platforms.  

In 2008, DoD began working with USEPA to submit the compilation of OB/OD emission factors 
(EFs) from these emission characterization studies, following USEPA procedures and require-
ments, to USEPA for placement in the USEPA Compilation of Air Pollutant Emission Factors 
(AP-42) database of EFs. In coordination with USEPA, DoD developed the AP-42 Draft Chapter 
16 - Emission Factors for OB/OD Demilitarization Processes. The AP-42 Draft Chapter 16 was 
first compiled and submitted to USEPA in 2009 after an extensive review by organizations in 
every branch of DoD. Continued coordination with USEPA enabled DoD to perform required 
formatting and technical revisions to the Draft Chapter 16. With these amendments, the Draft 
Chapter 16 was prepared for publication in AP-42, however DoD and USEPA determined that it 
would be more beneficial to wait and incorporate the ongoing SERDP OB/OD air emission char-
acterization efforts. Upon completion, DoD review, and publication of the SERDP WP-1672 and 
WP-2153 testing events, USEPA reviewed the SERDP final reports and the information and data 
were incorporated into the current Draft Chapter 16 (AP-42, 2011). The final version of the Draft 



 

4 

Chapter 16 for publication in USEPA’s AP-42 database is nearly complete and submittal to 
USEPA is expected to occur within 4 months of publishing this report. 

At the start of the SERDP-sponsored OB/OD work, the draft Chapter 16 of AP-42 contained ta-
bles showing emission factors and emission factor quality ratings for both OB and OD opera-
tions. The USEPA quality rating codes for the emission factors range from A (excellent) to D (be-
low average). A large majority of emission factors were rated C or better. Emission factors with a 
D rating included PM10 from OD and metals from OD. The proposed draft Chapter 16 had no 
emission factors for PM2.5 or any emission factor data for soil-covered OD. The updated Chapter 
16 will include some emission factors improvements based on results from WP-1672 and WP-
2153 which are discussed in the next two sections.  

1.3.2 Summary of WP-1672 
WP-1672 consisted of in situ and ORS sampling, analysis, and monitoring (Kim et. al, 2010). 
The final technical report is available at the SERDP/ESTCP web site 
(http://www.serdp.org/content/download/9560/122378/file/WP-1672-FR.pdf). The in situ sam-
pling configuration included fixed position samplers and airborne sampling. The aerial platform 
used a balloon-lofted instrument package called the “Flyer.” The instrument pack was lofted with 
a Helium-filled balloon and maneuvered by two tethers connected to two all-terrain-vehicles 
(ATVs). Continuous measurements of CO2 and co-sampled PM10, VOCs, and SVOCs allowed 
the determination of emission factors through a carbon mass balance method.  

The ORS monitoring consisted of a system for (1) gases and a system for (2) PM that included: 
1) active and passive open-path Fourier Transform Infrared spectrometers (OP-FTIR) and Ultra-
violet Differential Optical Absorption Spectrometers (UV-DOAS), and 2) a hybrid-ORS that in-
cludes Micropulse LIght Detection And Ranging (LIDAR) (MPL) and in situ point measure-
ments. The hybrid-ORS system was complemented with two Tapered Elemental Oscillating Mi-
crobalances (TEOMs) and anemometers. The hybrid-ORS system measured light extinction val-
ues with the MPL and real time PM10 concentrations with the TEOMs. The MPL was mounted 
on a positioner to scan “slices” of the plume in vertical directions. The TEOMs were placed on a 
scissors lift and raised about 30 feet off the ground. Wind speed and wind direction, the duration 
of each event, and the mass of energetic that was detonated or burned for each event were then 
used to determine gas and PM10 mass emission factors for OB and OD sources. 

Both in situ and ORS measurements have strengths and weaknesses in terms of their abilities to 
effectively sample or detect representative emissions in OB/OD plumes. The methods evaluated 
in WP-1672 were designed to complement each other. During the field campaign, we experi-
enced a wide range of weather conditions typical of Tooele Army Depot in March including rap-
id and drastic changes in wind direction and speed, strong solar radiation, and precipitation. The 
changing and unpredictable wind conditions were challenging and each measurement system 
was most effective under different conditions:  

http://www.serdp.org/content/download/9560/122378/file/WP-1672-FR.pdf
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• Aerial sampling by the tethered balloon was very effective during both low and high 
wind speeds. The mobility provided by the ATV arrangement and the use of highly 
trained aviation experts enhanced the sampling effectiveness.  

• The MPL was effective under most conditions due to its ability to scan through complete 
vertical slices of the passing OB and OD plumes. Higher wind speeds limited the number 
of complete scans the MPL could make through individual plumes. 

• Ground-based ORS and TEOM plume detection and sampling effectiveness was en-
hanced at high wind speeds which held the plume close to the surface and greatly reduced 
at low wind speeds where thermal diffusion resulted in rapidly rising plumes with limited 
horizontal transport.  

For the surface OD of TNT, the PM10 emission factor derived from Flyer measurements was 0.13 
lb/lb net explosive weight (NEW), the emission factor derived from the ORS-based PM meas-
urement method was 0.20 lb/lb NEW, and the draft emission factor is 7.2 lb/lb NEW (AP-42, 
2011). Although the ORS-based PM measurement method emission factor was almost twice that 
of the Flyer derived value, the two values were still remarkably close considering the fundamen-
tal difference in the two measurement systems. The draft AP-42 value is much higher indicating 
the potential importance of local conditions on the amount of soil PM that can be entrained in an 
OD plume.  

For the OB of M1 propellant, the PM10 emission factor derived from Flyer measurements was 
5.7E-03 lb/lb NEW, the emission factor derived from the ORS-based PM measurement method 
was 6.5E-03 lb/lb NEW, and the draft emission factor was 6.9E-03 lb/lb NEW (AP-42, 2011). 
This close agreement is strong evidence that both PM measurement systems used in the field 
campaign worked well for OB PM10 emissions. Although both PM measurement systems had 
success during the Tooele field campaign, the Flyer-based system was in general more flexible 
during all wind conditions and was chosen as the measurement system to characterize OB PM 
emissions for WP-2153. 

The emission factors for the two target gases (i.e., benzene and naphthalene) derived from Flyer 
measurements of OB and OD were quite close to draft values (AP-42, 2011). The Flyer was also 
able to measure other polycyclic aromatic hydrocarbons and these emission factors were again 
comparable to draft values when they were available (AP-42, 2011). These results and the proven 
capability of using the balloon to place the Flyer in the plume are strong indicators of the Flyer 
measurement system’s capability to accurately assess both volatile and semivolatile organic gas 
emissions.  

In contrast, the ORS measurement systems were not able to detect the target gases and therefore 
no comparison could be made between the two types of gas measurement systems. The OP-FTIR 
was able to consistently detect CO and sporadically detect NO, NO2 ethylene, ammonia, and 
acetylene. The OP-FTIR was able to measure CO2 for most OB events but the correlation be-
tween CO and CO2 was very poor. For OD, very few of the plumes where CO was detected also 
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had a corresponding CO2 detection. The emission factors derived from OP-FTIR measurements 
for CO were 8.1E-03 lb CO/lb NEW for OB and 6.0E-02 lb CO/lb NEW for OD. This corre-
sponds to 2.2 E-02 lb CO/lb C for OB and 1.6E-01 lb CO/lb C for OD and the draft AP-42 values 
for CO emission factors were 8.2E-04E-04 lb CO/lb C for OB and 1.5E-01 lb CO/lb C for OD 
(AP-42, 2011). The OD CO emission factor derived from the OP-FTIR measurements is very 
close to the draft AP-42 value while the OB CO emission factor is not. The UV DOAS detected 
NO in OB and OD plumes but provided no additional information when compared to the OP-
FTIR data. The two passive FTIRs did provide results for some plumes but the results were often 
contradictory and the information provided no additional benefits beyond what we achieved with 
OP-FTIR. In general, the ORS monitoring for gasses produced poor or inconsistent results and 
the research team decided not to continue this type of monitoring for the SERDP sponsored 
OB/OD emission measurement technology development work.  

1.3.3 Summary of WP-2153 
WP-2153’s objectives included developing field scale air emission measurement technology for 
OB munition demilitarization operations and compiling emission factor data for the propellants 
tested during the project’s field campaign (Kim et. al, 2012). The final technical report is availa-
ble at the SERDP/ESTCP web site 
(http://serdp-estcp.org/content/download/15568/177130/file/WP-2153-FR.pdf). Emission meas-
urements and samples were collected using the balloon-lofted instrument package called the 
“Flyer.” The instrument pack was lofted with a Helium-filled balloon and maneuvered by two 
tethers connected to two ATVs. Flyer measurements and analysis of samples collected by the 
Flyer allowed the determination of emission factors through a carbon mass balance method.  

In order to meet the objectives of WP-2153, we conducted a field campaign to characterize air 
emissions from OB in pans of three propellants (M31A1E1, M26 and SPCF) and static firing of 
Sparrow rocket motors (containing AP composite propellant). The field campaign occurred over 
a three week period from March 19 through April 7, 2011 at Tooele Army Depot, UT. The re-
search team also evaluated the feasibility of using the Flyer to characterize air emissions from 
soil-covered OD.  

During the field campaign, the Flyer was maneuvered into the OB and static fire plumes for 
sampling. The 46 lb [21 kg] instrument package was lofted with a He-filled balloon of 16 ft [4.9 
m] nominal diameter, maneuvered by two tethers connected to two vehicles. Continuous meas-
urements of CO2 and CO, and batch samples for particulate matter (PM10 and PM2.5), metals, 
HCl, perchlorate, chlorate, VOCs, and SVOCs allowed determination of emission factors. CO2 
readings indicated that the Flyer was successfully maneuvered into 90-98% of the OB plumes 
from pan burning of the three different propellant types and 92% of the static firing plumes.  

The resulting emission factors for PM10 and PM2.5 were very close, suggesting that OB plumes 
generate mostly fine PM (PM2.5). The calculated emission factors were compared to the first year 
results and literature values for similar propellant types. The derived emission factors for Pb and 

http://serdpestcp.org/content/download/15568/177130/file/WP-2153-FR.pdf
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Ba from SPCF and M26, respectively, were in the same range as the Pb emission factor from the 
first year study of M1 propellant (WP-1672). For the Sparrow rockets, the PM10 emission factor 
for Al accounted for 16% of the Al contained in the munition. HCl was measured from the Spar-
row rocket motor OB plumes with two different sampling methods, each resulting in comparable 
emission factors. The derived HCl emission factor was approximately ten times lower than found 
in the literature. Chlorate was also detected but was very close to the method reporting limit. No 
perchlorate and CO were detected for any of the propellants. Very low levels of these emissions 
are expected with complete combustion of propellants.  
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2. Materials and Methods 

Prior to the field campaign at Tooele Army Depot, the USEPA sampling group developed a Qual-
ity Assurance Project Plan (QAPP) Addendum to previous years’ work that described the muni-
tions to be tested, the test range, testing procedures, sampling methods, analytical methods, and 
emission factor development. The QAPP Addendums for WP-2233 are additions to the original 
QAPP and addendums developed for WP-2153. The original QAPP is attached in Appendix A, 
the QAPP covering work during WP-2153 in Appendix B, the Cl species test methods QAPP in 
Appendix C, the QAPP for work during WP-2233 in Appendix D, and a QAPP covering methods 
for comparing Open Burn/Open Detonation Dispersion Model (OBODM) results to Flyer results 
in Appendix E. Each QAPP was approved by the advisory group before each of the field cam-
paigns. Appendix H contains chain of custody documents for all samples and Appendix I con-
tains certificates of analysis for calibration gasses. 

2.1 Munitions and AP-Based Propellants 

Three munitions (Comp B, V453, V548), and two AP-based Arcadene propellants (ARC 451, 
ARC 452A) were tested during OD and OB trials, respectively (Figure 2-1 and Figure 2-2). 
These munitions and their composition, and relevant elemental composition of the metal casings 
are shown in Figure 2-3 and Figure 2-4. The composition of the munitions, donor charges, and 
ARC propellant are listed in Table 2-1. All munitions were selected and ranked in priority by the 
Joint Munitions Command (JMC) for this work based on ammunition stockpile information, EF 
uncertainties, and data quality issues associated with the EFs in the draft AP-42 Chapter 16 (AP-
42, 2011) OB/OD emission factor database, and uncertainties in the sampling methods.  

Tests for OB replicated common disposal practice through placement of the propellant into steel 
pans on a concrete slab (see Figure 2-2 and AP-42, 2011). Burns are typically initiated with an 
electric match or black powder train and last for less than three minutes. The test setup and exe-
cution during this emission characterization effort included propellants, initiating materials, set-
up, and energetic amounts typical of OB demilitarization processes. Appendix G contains a site 
diagram of the OB pad. 

OD is generally conducted in holes or pits with the energetic items exposed or covered with soil. 
Detonations are often initiated using an electric blasting cap or plastic explosives such as C4, 
A-3, or TNT (AP-42, 2011). This work similarly placed the munitions into four pits dug into the 
ground and left open to the air or covered with soil as required to mimic production conditions 
(see Figure 2-9 as well as Appendix G for a site diagram). The test setup and execution during 
this air emission characterization effort included energetics, munition items, initiating materials, 
pit design, setup (both soil covered and uncovered), and energetic amounts encountered during 
OD demilitarization processes.  
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Figure 2-1. Munitions tested: A) Comp B, B) Warhead V453 with C4 donor charge, and C) Warhead V548. 

  
Figure 2-2. ARC propellant A) ARC 451 and B) ARC 452A. 

 
 
Figure 2-3. Major composition of the munitions studied including casing. 

A B C 
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Figure 2-4. Major composition of the munitions studied A) without casing and B) without casing including 

donor charge. 

Table 2-1. Composition of the Munitions and ARC Propellant Test Materials. 

DODIC Description & (NSN) Casing 
Material 

Weight (%) NEW 
(lb/kg) 

GWT 
(lb/kg) RDX TNT HMX C Other AP 

None Comp B None 60 39 - 25 - - 60/27 60/24 

V453a WHD GM MK90, H6 
fill, (1336003989993) 

Thick-
wall steel   45 29 - 22 Al:21 - 65/29 141/64 

V548 

WHD Section GM HE 
WAU-17B (Sparrow), 
(PBXN-3 fill),           
(1336011292305) 

Thick-
wall     
steel 

0.32 - 86 23 Pb:0.0235, 
Si:Ca:trace - 35/16 86/39 

M130 M6 Electric Blasting 
Cap Cu 4.5 - - 73 Pb: 0.92  

Plastic: 83 - 0.046/ 
0.02 

0.070/ 
0.03 

MN90 M23 Non-electric Blast-
ing Cap Fe - - 0.28 0.04

6 
Al:0.070 

Pb: 0.0006 - 1.9/ 
0.86 

2.0/ 
0.91 

C4/M023 M112 Demolition/donor  
Charge None 90 - - 22 Dioctyl 

Sebacate: 5.3 - 1.25/ 
0.566 

1.26/ 
0.571 

ARC 452Ab Arcadene None  - -  -  9.4 Al:19, Cl:20, 
Fe:0.7 69  54/24.5 54/24.5 

ARC 451b Arcadene None  - -  -  9.7 Al:19, 
Cl:20.82 69  54/24.5 54/24.5 

NSN, NATO stock number; NEW, net explosive weight; GWT, gross weight; DODIC, Department of Defense Iden-
tification Code; HMX, octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine; RDX, hexahydro-1,3,5-trinitro-1,3,5-
triazine.  
aV453 has a 9 lb shaped charge of 8.6 lbs Zr and 0.4 lbs Hf. 
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b Information obtained from AEROJET MSDS. 

2.2 Aerostat Sampling Method 

An aerostat-borne instrument package named the “Flyer” (Aurell et. al, 2011) was used to sam-
ple emissions from field OD and OB in pans. This aerial sampling method used two ground-
based ATVs, each with a remotely-controlled electric winch for 1000 ft [305 m] tethers, to an-
chor and maneuver a helium-filled aerostat, which carried a Flyer (Figure 2-5). A Kingfisher 
(K16N) 16×13 foot-diameter [4.9×3.9 m-diameter] helium aerostat lofted the 46 lb [21 kg] Flyer. 
The combination of two ATVs and two tethers permitted the positioning of the aerostat, and 
therefore the Flyer, at a specific location and height downwind of the detonations and burns of 
AP-containing propellant. After initiating detonations and burns, the Flyer was repositioned op-
timally in the visible plume by controlling the electric tether winches. For very windy conditions 
(>20 mph) which precluded safe operations with the aerostat, the Flyer was mounted on a forklift 
positioned downwind of the detonation site (see Figure 2-6). 

  
Figure 2-5. Aerostat with Flyer (L) and aerostat attached to two ATVs (R). 

 
Figure 2-6. Ground based OD sampling during very windy conditions. 
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There are two Flyer models and each is constructed with lightweight, aluminum frame structures 
that can be assembled with multiple sampling and monitoring configurations to meet changing 
testing requirements (Figure 2-7). Each Flyer includes an on-board computer, control software, 
and wireless transmitters which allow sampling to be controlled from the ground. Sampling is 
also controlled using “triggers” and software to operate multiple on/off valves. These triggers, 
for example, allow one to loft multiple SUMMA canisters and trigger their valve openings at dif-
ferent CO2 concentrations. The large semivolatile/energetic blower can be either turned on or off 
from the ground or by enabling the blower’s CO2 trigger. The on-board computer and wireless 
data transfer also allows the ground crew to monitor CO2 concentration, battery life, and pressure 
drop across a filter in real time. Monitoring these data remotely allows maximization of flight 
time and optimization of sample collection by avoiding problems such as premature battery 
change-outs or battery depletion and signaling the need for changing plugged filters. All sensor 
data and flow rates are logged to the on-board computer. In addition, the Flyer has a global posi-
tioning system (GPS) on board to pinpoint position and altitude.  

 
Figure 2-7. Three views and configurations of the Flyer. 

The Flyer was configured for this project with a CO2 continuous emissions monitor (CEM), CO 
electrochemical cell, VOC sampler using a SUMMA canister, semivolatile (energetic) sampler 
using a quartz filter, PM10 and PM2.5 filter samplers, HCl sampler using a filter and silica sorbent, 
perchlorate filter sampler, and a PM CEM sampler. For this work, the semivolatile method cited 
in the original QAPP was focused entirely on energetics. On the advice of JMC, the method was 
modified to only include the quartz filter as previous results have shown the energetics to be vir-
tually all particle-bound. Removal of the polyurethane foam (PUF)/XAD-2 sorbent in the sam-
pler reduced the pressure drop and afforded a higher collection rate. New measurements reflect 
an increased focus on particles including the distribution of metal emissions by particle size and 
residual energetics on the particles. Two methods of Total PM measurement were added by ex-
panding the sampling methods for PM collected in the inertial impactor samplers and 
semivolatile filter. These PM samplers provide information on the distribution of PM and metals 
across particle size categories of environmental interest (i.e., Total PM, PM10, and PM2.5). The 

6 L Summa Canister

DustTrak DRX

Kevlar

Energetic
Quartz filter

PM10
PM2.5

PM PumpsBattery HCl filter CO2 inlet

DustTrak 8520
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specific samplers used for each munition and propellant were selected based on the anticipated 
emission products. Table 2-2 shows the type of samplers used for each munition and propellant.  

Table 2-2. Open detonation test matrix and analytes. 
 

Test 
Item  

Total 
Num-
ber of 
Det'ns 

Total 
Charge 
NEW 
(lb/kg) 

Soil 
Cover  
(ft/m)    

PM & Metal Samples 
by Filter  

PM by 
light  

scattering 
DustTrack 
(# det’ns) 

Energetics 
Sample  

CO, 
CO2, 

VOCs 
by  

Canister 

CO2     
by    

CEM Total 
PM/PM10  
+ Metals 

Total 
PM/PM2.5    
+ Metals 

Comp B  
20 300/136 0 2 2 No 1 0 Yes 
15 300/136 3/0.90 4 4 No 4 1 Yes 
16 300/136 6/1.8 2 2 No 2 0 Yes 

V453  
12 195/88 3/0.90 3 3 Yes (4) 1 0 Yes 
12 195/88 6/1.8  

3 
 

3 
No  

3 0 
Yes 

8 65/29 6/1.8 No Yes 

V548  
22 106/48 3/0.90 2 2 No 3 1 Yes 
16a 106/48 3/0.90 6 6 Yes (10) 2 1 Yes 

a Ground based air measurements due to high winds. 

2.3 Test Site, Testing and Sampling Procedure  

2.3.1 Open Detonation 
The detonation site constructed for this effort consisted of three ~7 m high berms in a U-shape to 
partially shelter on-site equipment and facilities (Figure 2-8 and Appendix G). The first day of 
testing included unsampled trial detonations of Comp B (on the soil surface), K180 mines (cov-
ered by 3 feet [0.90 m] of soil), and V453 warheads (covered by 3 feet [0.90 m] of soil). The trial 
detonations allowed observations of plume behavior including height as well as shrapnel/rock 
throw. Soil samples were collected before these trial detonations to determine background con-
centrations in the soil. Although K180 mines were detonated on the first day, their emissions 
were ultimately not sampled because of time constraints.  

 
Figure 2-8. Detonation site. 
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Detonation plumes were sampled by downwind pre-positioning of the aerostat/Flyer and then 
repositioning after the detonation based on plume height and direction. Pre- and post-detonation 
positioning of the aerostat into the plume was accomplished by both the pilot and an observer, 
both in radio communication and orthogonal to each other. Small balloons were occasionally 
used to provide visual evidence of both ground and aloft winds. A small (5 feet [1.5 m] diame-
ter), “sacrificial” balloon was lofted to determine downwind distance and height versus shrapnel 
hazard. Movement of the main aerostat after the detonation was accomplished by aid of line-of-
sight, radio-controlled winches mounted on two ATVs. These winches were controlled simulta-
neously by the aerostat pilot. While the ATVs and aerostat were inside the shrapnel safety arc, 
personnel were positioned outside the arc, maintaining controls and communication by radio. 

NEW amounts were varied, with 300 lb [136 kg] for Comp B, a maximum of 195 lb [88 kg] for 
V453, and 106 lb [48 kg] for V548. Detonations only occurred when there were acceptable me-
teorological conditions (i.e., wind direction, wind speed, and ceiling height, effecting plume and 
auditory dispersion). Up to four series of four detonation tests were conducted per day. The cased 
munitions (warheads V453 and V548) were detonated with 3 feet or 6 feet [0.90 or/and 1.80 m] 
of soil cover (Figure 2-9) by placing the warheads in ~3-ft holes and covering to the ground level 
(for soil cover 3 feet, see Table 2-2) or covering 3 ft above the ground level (for soil cover 6 feet, 
see Table 2-2). Comp B was detonated at ground level (surface) and under 6 and 3 feet of soil 
cover to understand the emission variation with soil depth from uncased munitions. Figure 2-10 
shows a crater from a V453 detonation.  

 
Figure 2-9. Covered munitions detonations. 

 
Figure 2-10. Detonation crater of V453. 
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2.3.2 Open Burns 

Four reusable metal burn pans were positioned in two rows situated on a concrete pad (~65 ft × 
80 ft [~20 m × 25 m]). The propellants were placed in the metal pans then ignited (Figure 2-11). 
Between burns, the pans were broom-cleaned to remove all residues. Each pan held a single pro-
pellant charge size of 54-108 lb [25-49 kg] for both ARC 451 and ARC 452A. The number and 
type of emission samples collected are shown in Table 2-3. Data from these AP-containing pro-
pellant tests will supplement initial data taken in 2011 and reported in WP-2153.  

 
Figure 2-11. A) Concrete burn pad with four reusable burn pans, and B) burn pan after burn. 
 
The Flyer was prepositioned downwind of the propellant burn site (Figure 2-12) with the aid of 
wind socks. The two ATVs equipped with electric winches and tethers were used to anchor and 
maneuver the Flyer. Vehicle drivers and all campaign participants were required to stay outside 
the safety zone around the OB pans. The propellant burns were ignited one by one when winds 
blew towards the prepositioned Flyer. When necessary, the Flyer was maneuvered into the plume 
by reeling the tethers in or out, as guided by visual observations.  

 
Figure 2-12. Aerostat sampling of ARC propellant. 

A B
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Table 2-3. Open burn test matrix and analytes. 

Test 
Item 

Burn 
Number  

Total Num-
ber Blocks 
of Propel-

lant in Each 
Burn 

Charge 
size 

NEW 
(lb/kg) 

PM & Metal Samples 
by Filter  

HCl Perchlorate 

CO, 
CO2, 

VOCs by 
Canister 

Total 
PM/PM10  
+ Metals 

Total 
PM/PM2.5    
+ Metals 

ARC 
451 

1 1 54/24  
 

       0 

 
 

1 

 
 

1 

 
 

1 

 
 

1 
2 2 108/49 
3 2 108/49 
4 2 108/49 
5 2 108/49 
6 2 108/49  

 
       1 

 
 

0 

 
 

1 

 
 

1 

 
 

0 
7 2 108/49 
8 2 108/49 
9 1 54/24 

ARC 
452A 

1 2 108/49  
 
       1 

 
 

0 

 
 

1 

 
 

1 

 
 

1 
2 2 108/49 
3 1 54/24 
4 2 108/49 

2.4 Emission Sampling and Analysis Methods 

2.4.1 Carbon Dioxide by Non-Dispersive Infrared CEM and Carbon Monoxide by Electro-
chemical Cell 

CO2 measurements were performed using a LI-COR Biosciences LI-820 non-dispersive infrared 
(NDIR)-based CEM mounted on the Flyer. The LI-CORs use a 14 cm optical bench, giving an 
analytical range of 0-20,000 ppm, with an accuracy specification of <2.5% of reading. The in-
strument was preceded by a filter for particulate matter removal prior to the optical lens. Signal 
averaging was set to 2 seconds per reading. The LI-COR Bioscience LI-820 CEM was calibrated 
for CO2 on a daily basis according to USEPA Method 3A (USEPA, 2008) using a zero gas (100 
% nitrogen), span gas (4500 ppm CO2), and gases of intermediate CO2 concentrations (400 and 
1500 ppm). A detailed description of the CO2 CEM calibration procedure and drift data can be 
found in Appendix J. 

CO was sampled continuously using a semi-real-time monitor. An onboard CO sensor (Creative 
Solutions RCO1000) measured CO concentration by means of an electrochemical cell through 
CO oxidation. Output is linear from 0 to 1000 ppm at an operating relative humidity range of 15-
90%. The RCO 1000 was calibrated in the USEPA Metrology Laboratory prior to trip departure 
at 0 to 80 ppm with ± 2 ppm error using USEPA Method 3A (USEPA, 2008). CO measured by 
flow through the chemical cell was corroborated by the measurement of a sample taken from the 
SUMMA canister system and analyzed via gas chromatography. 



 

17 

2.4.2 SUMMA Canister Sampling for Volatile Compounds, Carbon Dioxide, and Carbon 
Monoxide 

2.4.2.1 Sampling Method 
Evacuated SUMMA canisters (6 L capacity) were used to collect VOCs via USEPA Method TO-
15 (USEPA, 1999a). Canisters were obtained from a commercial laboratory Columbia Analytical 
Services (CAS) that could analyze for target analytes at low limits of detection. An electronic 
solenoid valve sampling system atop the SUMMA canister was opened and closed by a CO2 
concentration trigger circuit at operator-set levels. An electronic pressure transducer and a pres-
sure gauge were attached to the SUMMA canister to provide information on the status of the 
SUMMA canister (i.e. empty, filling, or full) and the voltage equivalent of the SUMMA canister 
pressure was recorded on the onboard computer. The valve was followed by a 15 µm frit filter in 
the stem of the SUMMA canister resulting in an approximate sampling time of 15-30 seconds. 

Prior to deployment, the SUMMA canisters were checked at the USEPA metrology laboratories 
for valve function (opening and closing) and sampling time. Prior to each experiment, the 
SUMMA canister electronic valve was checked to see if it opened and closed properly.  

2.4.2.2 Analytical Method 
VOCs were analyzed using USEPA Method TO-15 (USEPA, 1999a) with selective ion monitor-
ing mode gas-chromatography mass spectrometry (GC/MS). A 1.0 L aliquot was pulled from the 
SUMMA canister and analyzed. An internal spiking mixture was added to the laboratory control 
sample. All surrogate standard recoveries were within the method acceptance criteria of the CAS 
laboratory, e.g. the surrogate standard recovery for benzene was 85% which was within its meth-
od acceptance criteria of 66-121%. A detailed VOC laboratory procedure description can be 
found in Appendix O. 

Each SUMMA canister sample was also analyzed for CO2 and CO by GC, utilizing USEPA 
Method 25C (USEPA, 1996a), in which an aliquot of the collected SUMMA canister sample was 
injected into a sample loop equipped GC/Flame Ionization Detector (FID). The CO2 and CO sur-
rogate standard recoveries were 92 and 100%, respectively, which are within the method ac-
ceptance criteria of the CAS laboratory: 73-132% and 71-123%, respectively.  

2.4.3 Energetics and Their Byproducts 

2.4.3.1 Sampling Method 
Energetic compounds were analyzed from the PM collected on a large (10×8 inches, [20.3×25.4 
cm]) quartz filter. These procedures were adopted based on past experience with energetic sam-
pling at Dugway Proving Ground (U.S. Army, 1992d) which suggested that the airborne energet-
ic compounds were solely associated with the particles. As discussed in Section 2.2, this assump-
tion enabled the collection of a large sample using the Flyer’s high surface area filter and its high 
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volume pump in an effort to minimize or eliminate non-detects. In addition, the large quartz filter 
was pre- and post-weighed in the field under ambient conditions on the day of use in order to test 
its function as an additional total particle filter measurement (see Section 2.4.4 for more details).  

The sampling was performed using a low voltage blower for a nominal sampling rate of 1.2 
m3/min. The blower was controlled by the CEM CO2 trigger circuit or started from the ground by 
the operator via wireless control. Flow rate was measured by the pressure differential across a 
calibrated venturi. The venturi is a carefully calculated and constructed constrictor made and cal-
ibrated at the USEPA shop and Metrology Laboratory, respectively. As used here, it was mounted 
on the outlet of the semivolatile sampler. A venturi has the property that fluid pressure through a 
constricted section of pipe is reduced. The fluid velocity must increase through the constriction 
to satisfy the equation of continuity, while its pressure must decrease due to conservation of en-
ergy. As such, a measurement of ΔP between the venturi’s inlet and constricted diameter body 
was used to calculate flow rate. In practice, a calibration curve was developed from ΔP and actu-
al flow measurements. The voltage equivalent to this pressure differential was recorded on the 
onboard computer. The USEPA Metrology Laboratory performed these measurements using the 
venturi’s matched transducer and data acquisition computer with a Roots meter.  

Following sampling, the filter was removed from the Flyer, folded in half, placed within a dou-
bled aluminum foil sleeve, and shipped to ALS Labs (Kelso, WA) for energetics analysis. The 
filters were not cooled during shipment as per the advice of ALS Labs and consistent with the 
relatively non-volatile nature of the energetics. 

2.4.3.2 Analytical Method 
The target residual energetic compounds included: 

• HMX - Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine  
• RDX - Hexahydro-1,3,5-trinitro-1,3,5-triazine  
• TNT - 2,4,6-Trinitrotoluene 
• PETN - Pentaerythritol Tetranitrate 
• Tetryl - Methyl-2,4,6-trinitrophenylnitramine 
• 1,3,5-Trinitrobenzene 
• 1,3-Dinitrobenzene 
• 4-Amino-2,6-dinitrotoluene 
• 2-Amino-4,6-dinitrotoluene 
• DNT - 2,4-Dinitrotoluene 
• 2,6-Dinitrotoluene 
• 3,5-Dinitroaniline 
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ALS Labs followed the analytical procedures within USEPA Method 8321B (USEPA, 2007a) 
(although the target analytes are those covered in USEPA Method 8330 (USEPA, 2007b). Se-
quentially, the laboratory removed the filter from the aluminum foil, folded it into thirds, rolled it 
up, placed it into a 40 mL glass vial, spiked it with internal surrogates (1,3-dinitrobenzene-d4), 
added acetonitrile, agitated the vial, decanted the acetonitrile, concentrated by nitrogen blow 
down, diluted with acidified water for matrix matching, and then injected the sample into the de-
tector. The target compounds’ peak areas were analyzed with liquid chromatography and tandem 
mass spectrometry. The compounds were analyzed by an external standard method, using a 7-
point quadratic calibration curve. The HMX and 1,3-dinitrobenzene surrogate standard recover-
ies were 73-101% and 86-114 %, respectively, which are within the method acceptance criteria 
of the ALS laboratory procedures (70-130% and 70-130%, respectively). The residual extract 
was returned to USEPA labs. A detailed laboratory procedure description can be found in Appen-
dix O. 

2.4.4 Particulate Matter and Metals 

2.4.4.1 Sampling Method 
PM2.5 and PM10 were sampled simultaneously using two size-selective impactors (SKC, USA) 
with 47 mm tared Teflon filters (2 µm pore size) and two SKC Leland Legacy sample pumps 
with a constant airflow of 10 L/min. The internal flow sensor measured flow directly and acted 
as a secondary standard to constantly maintain the set flow. The volume display on the ground 
was continually updated based on corrected flow rate multiplied by sampling time. The pump 
operation (on and off) was controlled automatically by the CEM CO2 trigger circuit or manually 
by the operator via wireless control from the ground. The SKC Leland Legacy sample pump was 
calibrated prior to and twice on-site during the sampling campaign with a Gilibrator Air Flow 
Calibration System (Sensidyne LP, USA), which is a primary standard airflow calibrator.  

The use of an additional dedicated particle size sampler and pump for Total PM was deemed 
weight-prohibitive for the aerostat. To accommodate this constraint, the PM2.5 and PM10 samplers 
were modified to also sample Total PM. The Total PM measurements consisted of the weight 
gain on a 37 mm polycarbonate disk pre-sprayed with Apeizon grease (mix of Apiezon grease 
and Hexane 1:20) and a downstream PM10 or PM2.5 particle filter in series. The disk was pre-
sprayed to obtain a sticky surface in order to avoid bouncing of larger particles down to the PM10 
or PM2.5 downstream particle filter. This disk was placed on the impactor plate of the PM10 or 
PM2.5 cartridge. As mentioned previously, the 10×8 inches [20.3×25.4 cm] quartz filter on the 
semivolatile energetic sampler complemented the PM10 and PM2.5 impactor modifications for a 
second Total PM measurement.   

2.4.4.2 Analytical Method 
The Teflon filters were obtained from a commercial laboratory (CHESTER LabNet) that could 
provide tared filters and analyze for PM and target metal analytes at low limits of detection. PM 
was measured gravimetrically as the difference between final and tare masses for each filter. The 
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weighing of the filters followed the procedures described in (40 Code of Federal Regulations 
(CFR) Part 50, 1987). Calibration for determining mass of conditioned media was performed as 
described in Quality Assurance Guidance Document 2.12 (USEPA, 1998). The polycarbonate 
Total PM impaction plate filter disks were weighed before and after sampling at USEPA follow-
ing the procedures described in (40 CFR Part 50, 1987). For 19 of the 46 PM2.5 and PM10 filters, 
large, loose particles were on the filter and in the petri dish. Presumably the high PM concentra-
tion in the plume made it possible for these particles to bounce off the impactor plate. These par-
ticles were size-analyzed under a microscope and verified to be much larger than PM10 or PM2.5. 
The weight of these large, loose particles, weighed separately, was added to the Total PM frac-
tion (polycarbonate disks). 

The PM collected on Teflon filters was also used to determine concentrations of target metals: 
Pb, Hf, Zr, Al, K, Fe, Mg, Mn, Na and Ca, as well as twenty-nine other metals. The metal content 
on the Teflon filters was analyzed by X-ray fluorescence (XRF) according to USEPA Compendi-
um Method IO-3.3 (USEPA, 1999b). The standard reference materials used for the QA/QC had a 
recovery of 96-106% which is within the method acceptance criteria (89-111%). The analytical 
laboratory out of necessity neglected the large, loose particles, tapping them off prior to the XRF 
analysis in order to make the analysis possible. These weights amounted to 1.6% ±1.6% of the 
total weight. 

The Total PM impaction plate filter disks were prepared by USEPA Method 3050b (USEPA, 
1996b) and analyzed for the ten target metals (Pb, Hf, Zr, Al, K, Fe, Mg, Mn, Na and Ca), deter-
mined by inductively coupled plasma (ICP) according to USEPA Compendium Method IO-3.4 
(USEPA, 1999c). ICP, rather than XRF, was necessary for these analyses as the solids were pre-
sent on the disk in the form of eight conical piles and were not amenable to XRF analysis. An 
internal spiking mixture of the target compounds was added to the CHESTER LabNet control 
sample. All surrogate standard recoveries were 80-115% which was within the method ac-
ceptance criteria (80-120%). The Total PM samples from the PM2.5 impactor filter disks were not 
analyzed for metals since it was determined that one set of Total PM filters from the PM10 
impactor would provide adequate metal results. Three Teflon filters were analyzed both by XRF 
and ICP for a methods comparison since the Total PM impaction plate disks and soil samples 
could only be analyzed by ICP (data available in Appendix F). The correlation coefficient be-
tween these three pairs of analyses was 0.83, high enough to warrant combination of the XRF 
filter and ICP filter disk analyses in the calculation of Total PM metal emissions. Detailed labora-
tory procedure descriptions for PM and metal analyses can be found in Appendix O. 

2.4.5 Continuous PM 
During some detonation series (V453 and V548), the PM concentration of the plume was contin-
uously determined by a DustTrak DRX Aerosol Monitor (model #8533). This instrument 
measures light scattering by aerosols as they intercept light from a laser diode and has the capa-
bility of simultaneous real time measurement (every second) of PM1, PM2.5, Respirable (PM4), 
PM10 and Total PM15. The aerosol concentration range for the DustTrak DRX was 0.001-150 
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mg/m3 with a resolution of ±0.1% of reading. Concurrently, an enclosed, 37-mm pre-weighed 
filter cassette provides a simultaneous PM15 gravimetric sample. The total flow rate is 3 L/min 
where 1/3 of the flow rate is used for the continuous measurements and 2/3 is used for the grav-
imetric sample. The enclosed gravimetric sample was used to conduct a custom photometric cal-
ibration factor (PCF) for PM15, calibrating the photometric measurements against a gravimetric 
reference value. The DustTrak DRX is factory calibrated to the respirable fraction, with a PCF 
value of 1.00.  

2.4.6 Perchlorate, Chlorate, and HCl 

2.4.6.1 Sampling Method 
Perchlorate (ClO4

-) and chlorate (ClO3
-) were sampled using a modified method from (Lamm et. 

al, 1999). The method consisted of sampling at a flow rate of 4 L/min through a 37 mm diameter 
mixed cellulose ester (MCE) filter (0.8 µm pore size) enclosed in a closed-face cassette (SKC 
Corporation). Perchlorate, chlorate, and chloride salts were captured as a solid on the filter, 
which assumes no perchloric acid formation. HCl was sampled in parallel by two different meth-
ods, as shown in Figure 2-13: 

1. Alkali-impregnated filter according to International Organization for Standardization 
(ISO) Method 21438-2 (International Standard, 2009). 

2. Silica gel collection according to National Institute of Safety and Health (NIOSH) Meth-
od 7903 (U.S. NIOSH, 1994). 

Methods for sampling HCl are primarily derived from those intended for sampling inhalable HCl 
to relate to exposure risk. Silica gel collection methods may undersample HCl mist, as particle 
size collection characteristics on the silica gel sorbent tube do not match the inhalable convention 
(Howe, et. al, 2006). Although there are unanswered questions about the relevance of these 
methods for the inhalable particle/droplet size (Howe, et. al, 2006), we were interested in effi-
cient capture and quantification. HCl was sampled in parallel using alkali-impregnated filters 
following the perchlorate filter and silica gel tubes. HCl gas is expected to pass through the per-
chlorate/chloride salt filter and be adsorbed by a second, quartz filter coated with Na2CO3. These 
coated filters are available in a cartridge from SKC Corporation. Any hydrochloric acid transient-
ly collected on the initial filter is expected to rapidly evaporate and be collected along with the 
gaseous HCl (Howe, et. al, 2006). This method, including a pre-filter followed by a Na2CO3-
impregnated quartz filter, is consistent with a method from France (Institut National de Recher-
che et de Sécurité, 2002) as cited in (Howe, et. al, 2006), which became a European standard 
method (International Standard, 2009).  

These methods were used for sampling HCl and perchlorate from Sparrow rocket motors in the 
2011 (WP-2153) study. For the Sparrow rocket motor, only a single 1 minute sample of each 
method was collected. Although there were a limited number of samples, the methods showed 
success since no breakthrough was found and the HCl and chlorate concentrations were 1000 and 
100 times higher than the ambient air background concentration, respectively.  
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Figure 2-13. Sampling apparatuses for HCl, perchlorate, chlorate, and chloride salts. Filter method 1 (ISO 
21438-2) followed by an additional CO3 filter at the left, and silica gel method 2 (NIOSH 7903) followed 
by a CO3 filter at the right. 

2.4.6.2 Analytical Method 
Cassette samples and the pre-filter in the silica tube were dissolved/extracted in water, an internal 
standard added, and the solution analyzed for perchlorate with liquid chromatography-mass spec-
trometry (LCMS) and chloride with ion chromatography as per USEPA Method 6850 (USEPA, 
2007c). Samples were analyzed at CAS, NY. The perchlorate pre-filter and Na2CO3 filter both 
were analyzed for target analytes prior to sampling at Tooele in order to establish their potential 
contamination levels. Ambient air background levels were determined for perchlorate, chloride, 
and HCl. The chloride concentration on the MCE CO3 filter and the silica were multiplied by a 
factor of 1.0284 in order to convert from anion (Cl-) to acid concentration (HCl) (International 
Standard, 2009). 

2.4.7 Soil 

2.4.7.1 Sampling Method 
A total of five different soil sampling efforts were conducted, including one prior to each of the 
three different detonation test series:  

• Pit background – soil collected at the detonation site pits prior to all detonations, includ-
ing the preliminary test trials. 

• Post-detonation of Comp B – soil collected at the detonation site after detonation of 
Comp B and prior to detonation to V453. 

• Sand fill background – soil collected outside the detonation area and brought into the det-
onation area to cover the munitions test series of V453 and V548. 

• Post-detonation of V453 – soil collected at the detonation site after detonation of V453 
and prior to detonation of V548. 

• Post detonation of V548 – soil collected at the detonation site after detonation of V548. 
 

MCE filter

CO3 impregnated 
MCE filter

Inlet

Outlet
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MCE filter

Inlet
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Soil samples were analyzed for metals and energetics HMX, RDX, TNT and DNT. The purpose 
of these sampling efforts was to provide a preliminary understanding of whether the methods 
employed could discern if air emissions were related to contributions from soil or due to the mu-
nitions itself. For example, the first test munition, Comp B, has no metals in its composition, so 
the only metals present in the emission samples should be those from the surrounding soil. Anal-
ysis of soil and Comp B metal emissions could provide an assessment of the anticipated soil con-
tribution to subsequent testing and information on the efficacy of soil sampling in future efforts 
to characterize soil contributions.  

Metals and energetic concentrations in the soil (mass target/mass soil) were compared to their 
counterparts sampled at the Flyer. A ratio of the Flyer’s plume concentrations to the soil concen-
trations could help determine the level of contribution of the soil to that of the Flyer sample. If a 
Flyer to soil ratio is high, it can be concluded that the soil’s composition provides minimal input 
into the emissions. Conversely, a low ratio indicates that the soil’s composition contributes sub-
stantially to the observed concentrations in the emissions. While the emission values could po-
tentially be corrected for the contribution of the soil, the exploratory scope of the soil sampling 
and the minimal number of planned replicate samples was not assumed to be of sufficient confi-
dence to warrant this analysis. An additional complicating factor in correcting plume concentra-
tions for soil contributions is the inability to predict whether the soil partitions by aerodynamic 
particle size in the plume. The ejection and entrainment of soil particles may result in a different 
particle size distribution in the plume than in the sampled soil. If the elemental distribution in the 
soil is a function of particle size, then bulk soil sampling would not be expected to reflect the 
plume catch, as larger particles are less likely to be sampled in the plume.  

The soil sampling method employed at Tooele was conducted with consideration of standard op-
erating procedures for range sampling (Appendix A of Hewitt et. al, 2007). The limited number 
of samples allowed in the budget plan, however, restricted our ability to fully characterize the 
soils prior to and after detonations. Five scoop samples were taken from 1 m2 areas and com-
bined to comprise a single sample within a labeled, zip-locked plastic bag. It was recognized 
ahead of time that this limited soil sampling plan would likely prove insufficient to fully charac-
terize the potentially heterogeneous soil composition at the Tooele Test Range. The site was sub-
ject to considerable earth-moving in preparation for the testing, including construction of a natu-
ral berm. In addition, the testing itself was expected to contribute to the soil composition 
throughout the course of the campaign. Diagrams showing locations of soil sampling sites can be 
found in Appendix G. 

2.4.7.2 Analytical Methods 
Each of the five soil samples underwent energetic and metal analysis. Samples were analyzed for 
metals (Zr, Hf, Al, Fe, Mn, Ca, K, Mg, Na, Pb) using USEPA Compendium Method IO 3.4 
(USEPA, 1999c) acid digestion followed by ICP, USEPA Method 200.7 (USEPA, 1994). Ener-
getics (HMX, RDX, TNT, PETN, Tetryl, 1,3,5-Trinitrobenzene, 1,3-Dinitrobenzene, 4-Amino-
2,6-dinitrotoluene, 2-Amino-4,6-dinitrotoluene, 2,4-Dinitrotoluene, 2,6-Dinitrotoluene, 3,5-
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Dinitroaniline) were analyzed as per Section 11.1.4 of Method 8330A (USEPA, 2007b) for 
nitroaromatics. 

2.4.8 Sampling Time 
The sampling times for the semivolatile filter, PM10 and PM2.5 impactor filters, HCl, and perchlo-
rate filter/silica were all initiated either automatically from the CO2 trigger level or manually by 
the operator. The sampling durations were identical and the cessation of sampling was based up-
on the CO2 concentration falling back below the set trigger level since reduction of the CO2 con-
centration indicates the passage of the plume. The sampling duration was different for the 
SUMMA canister since it was initiated and terminated with a separate adjustable CO2 trigger cir-
cuit. A higher CO2 trigger concentration was used for the SUMMA canister to insure that sample 
was gathered near the peak concentration of the plume. When the canister filled to approximately 
80-90%, it would cease to collect sample and the valve would close. Sampling times for all of 
the instruments were recorded by the Flyer’s onboard computer. 

2.4.9 Calculation of Emission Factors 
Values of CO2 concentrations from the CEM and SUMMA canisters and CO from the SUMMA 
canisters were used to calculate a co-sampled carbon concentration, permitting conversion of 
analyte concentrations to emission factors by the carbon mass balance method. In the carbon 
mass balance method, the ratio of the sampled target analyte concentration to the total sampled 
carbon (represented here by CO2) is related back to the initial munitions weight through 
knowledge of the carbon concentration/carbon fraction in the original munitions, the assumption 
of 100% oxidation of the carbon, and the ability to sample a representative plume fraction. In all 
emission factors, the background concentration of the target analyte, determined from Flyer-
based instruments and ground-based upwind instruments, is subtracted from the measured 
amount.  

The CEM CO2 concentrations were used for calculating all carbon concentrations except for de-
termination of VOC emission factors from the SUMMA canisters. For the latter, CO and CO2 
data directly from the canister sample were used. For one canister (V548 warhead with 3 feet of 
soil coverage), CO2 levels were inexplicably low (i.e., below ambient). In this case, the canister 
CO level was added to the simultaneous CEM CO2 values to calculate total C sampled.  

Emission factors were calculated according to (Draft Chapter 16, AP-42, 2011): 

j

ij
ci C

Analyte
fEF ×=   where: 

EFi = Emission Factor for target analyte i (lb/lb NEW). 
fc = mass fraction of carbon in the munitions 
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Analyteij = background-corrected concentration (lb analytei/ft3) of the target 
analyte i collected from the volume element j of the plume. 

Cj = background-corrected concentration of carbon (lb C/ft3) collected from 
volume element j of the plume (carbon calculated from CO2 data from either 
the CEM or the SUMMA canister). 

These emission factors were converted to appropriate units of the fraction of conserved species 
present in the emissions compared to that present in the munitions (Draft Chapter 16, AP-42, 
2011). This conversion was calculated as follows: 

 
j

ij
i C

Analyte
EF ×=

i

c

f
f

      where: 
EFi = Emission Factor for target analyte i (emissions analyte I in lb/lb i in 
munitions). 
fc = mass fraction of carbon in the munitions. 
fi = mass fraction of analyte i in the munitions 
Analyteij = background-corrected concentration (lb analytei/ft3) of the target 
analyte i collected from the volume element j of the plume. 

Cj = background-corrected concentration of carbon (lb C/ft3) collected from 
volume element j of the plume (carbon calculated from CO2 data from either 
the CEM or the SUMMA canister). 
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3. Results and Discussion 

The Flyer successfully sampled emissions from 71% of the 109 open detonations from different 
munitions types and soil cover depths, and 100% of the 13 open burns of AP-containing propel-
lant (Table 3-1 and Table 3-2), as determined by the number of times that the CO2 concentration 
exceeded the ambient air CO2 concentration (by ≥ 2 ppm). Each measured exceedance of the 
ambient CO2 concentration was referred to as a “hit.” “Misses” were due to unanticipated plume 
paths primarily due to wind shifts and dilution of the plume with ambient air. Misses are slightly 
higher than in previous years’ work with bulk explosives due to additional standoff distance to 
avoid rocks and fragments from the soil and munition casing. Figure 3-1 shows photos from 
some of the different munition types and soil cover depths. The total number of samples collect-
ed for each munition and propellant is shown in Table F1 of Appendix F. 

Table 3-1. Sampling success – open detonation. 
Munitions 

Buried depth 
Comp Ba Comp Bb Comp B Comp B V453 V453b V548 V548c 
Surface Surface 3 feet 6 feet 3 feet 6 feet 3 feet 3 feet 

No. of detonations 20 16 15 16 12 12 22 16 
No. of hits 15 15 13 8 9 8 14 10 
Hits (%) 75 94 87 50 75 67 64 63 
Avg. Plume sampling time (s) 13 13 20 8 33 19 9 18 
Average ΔCO2 (ppm) 21 21 19 27 9 5 6 12 

a With the first four trial detonations. b Without eight low NEW detonations. c Ground based sampling during high 
winds. 

Table 3-2. Sampling success – open burning. 

 ARC 451 ARC 452 

No. of burns 9 4 
No. of hits 9 4 
Hits (%) 100 100 
Avg. Plume sampling time 
(s) 62 64 

Average ΔCO2 (ppm) 88 71 
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Figure 3-1. Photos of open detonation of A) Comp B covered with 3 feet of soil, B) V453 covered with 3 feet of 

soil, C) V548 covered with 3 feet of soil, and D) open burning of ARC propellant. 

3.1 Carbon Dioxide by NDIR CEM and Carbon Monoxide by Electrochemical Cell 

Four examples of in-plume CO2 concentration changes over time are shown in Figure 3-2. De-
pending on the wind speed it took approximately 15 to 55 seconds for the plume to reach the 
aerostat/Flyer after detonation. Average CO2 concentrations above ambient ranged from 5 to 27 
ppm for the munition detonations. These values are considerably lower than in previous years’ 
tests. This can be attributed to the increased stand-off distance required for the aerostat and Flyer 
during this year’s detonation of soil-covered and metal-cased munitions. As discussed in Section 
2.4.9, the NDIR CEM CO2 emission results were used to determine the majority of the emission 
factor results from this work. Appendix P contains CO2 CEM raw data. 

No CO was detected using the semi-continuous electrochemical cell for any of the detonations or 
propellant burns. This was likely due to the short sampling time in each plume, the minimal CO 
concentration present, and the long response time required for the cell (~90 seconds) relative to 
the duration of the sampler in the plume. This result is consistent with past year’s sampling. 

Figure 3-2 also includes plume temperatures which were monitored to ensure that the instru-
ments were not exposed to excessive heat. Peak temperatures did not exceed approximately 3 °C 
above ambient at the Flyer, indicating the rapidity with which plume dilution occurred.  

A B

C
D
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Figure 3-2. In-plume CO2 concentration (uncorrected for ambient) and ambient air temperature traces for 

some of the detonations. 

3.2 SUMMA Canister Sampling for Volatile Organic Compounds, Carbon Dioxide, and 
Carbon Monoxide 

The short plume residence times for the Flyer meant that multiple plume samples were necessary 
to fill the SUMMA canisters, resulting in multi-detonation, composite samples. The SUMMA 
canister electronic valve was triggered open by an operator-set CO2 level. To avoid VOC concen-
trations in the canister below the method detection limit, higher concentrations, presumably as-
sociated with higher CO2 concentrations, were manually targeted by the operator. To accomplish 
this, the CO2 trigger level was set relatively high, then adjusted downward with successive deto-
nations (if necessary) until the sensors indicated that the canister was filled. In addition, this 
study increased the size of the SUMMA canister to 6 L (versus 1 L in 2011) to obtain a larger 
sample mass and minimize detection issues. The SUMMA canisters’ average ΔCO2 and CO con-
centrations as well as VOC emission factors are shown in Table 3-3 and the complete dataset for 
both detonations and propellants are shown in Appendix F, Tables F14 and F15. The CO2 values 
are higher than the multi-plume averages reported in Table 3-1, confirming that presumably 
higher VOC concentrations were preferentially sampled, as intended. A laboratory report with 
full analytical results for CO, CO2, and VOCs is shown in Appendix N.  
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Comparison of CO and CO2 concentrations in the SUMMA canisters can be used only in a quali-
tative sense to compare sampling success and plume characteristics, as variation in plume collec-
tion efficiency (e.g., sampling dilute portions of the plume) and ordnance composition (differ-
ences in carbon content) can easily lead to distinction in results. CO was detected in the 
SUMMA canisters that sampled the detonations at levels near to those of the CO2 concentrations, 
implying an incomplete carbon oxidation. Conversely, no CO was detected in the SUMMA can-
isters that sampled the burning of the AP-containing propellant (method reporting limit (MRL) = 
8 ppm). As the close proximity of the sampler to the propellant burns ensured sufficient sam-
pling, the absence of CO implies complete combustion of the AP-containing propellant (within 
the detection limits of the method). These non-detect CO concentration results are in accordance 
with the 2011 reported values of CO from AP-containing propellant combustion (Kim et. al, 
2012).  

CO was also analyzed using a continuous electrochemical cell. However, the low levels of CO 
and the short duration of the plume resulted in all non-detects, even with the detonations, due to 
the cell’s minimal sensitivity and slow response time. 

The CO2 concentrations in the ARC 451 and ARC 452A propellants (80 ppm and 30 ppm, re-
spectively were lower than the combined 2010 and 2011 reported values (average of 490 ppm ± 
125, projects WP-1672 and WP-2153) from single-, double- and triple-base propellants, but in 
the same range as the AP-containing Sparrow rocket motor (20 ppm) tested at the Tooele Produc-
tion Range (Kim et. al, 2012). These results are consistent with expectation as the AP-containing 
propellant has a lower carbon fraction (~0.10) than the single- to triple-based propellants (0.18-
0.29). Lower CO2 concentrations may also be the result of burn and sampling times that were 
approximately three times longer than the single- to triple-based propellants. 

VOCs detected from the SUMMA canister included the common combustion products benzene, 
toluene, ethylbenzene, and xylene (BTEX) as well as other compounds. Ambient air background 
samples were also taken with SUMMA canisters (Appendix F, Table F15). It should be noted that 
benzene concentrations, as well as several other compounds from the ambient air background 
samples, were below detection limits. Full coverage of VOC results is presented in Table F14 
and Table F15 in Appendix F. The BTEX compounds for the three munitions types, each covered 
with 3 ft of soil, had emission factors in the 10-3 to 10-4 lb/lb C range and were within approxi-
mately an order of magnitude of each other. Good agreement is noted for the benzene emission 
factors for V548 (5.7E-03 lb/lb C) and V453 (1.2 E-03 lb/lb C) (both covered with 3 feet of soil). 
Comp B had a ten times lower benzene emission factor (3.5E-04 lb/lb C) than the other muni-
tions types, despite similar soil cover (3 foot depth) conditions, but was similar to the 2010 TNT 
surface detonation levels (Kim et. al, 2010) of 2.6E-04 lb/lb C. The reader is reminded that the 
emission factors found in Table 3-3 are based on limited results; more replicates may be neces-
sary to ensure accuracy and confidence in the values for covered detonations. 
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No detectable VOC levels were found (Table 3-3) for the ARC 451 and ARC 452A propellants, 
despite having collected a higher CO2 concentration than last year’s Sparrow rocket motor results 
which had detectable VOC levels at lower CO2 levels.  

Table 3-3. VOC sampling results from SUMMA canisters and average emission factors for all non-zero ΔCO 
and ΔCO2 results. 

 Comp B 
3 feet 

V 548  
3 feet a 

V 453 
3 feet 

ARC 
451 

ARC 
452A 

∆CO2 (ppm) 90 20 15±5 80 30 
CO (ppm) 100 11 13±3 NDb ND 
Benzene (lb/lb Carbon) 3.5E-04 2.0E-03 1.2E-03 

±2.2E-04 
ND ND 

Toluene (lb/lb Carbon) 1.5E-04 8.1E-04 6.7E-04 
±4.9E-04 

BBLc BBL 

Ethylbenzene (lb/lb Carbon) ND 5.8E-05 8.1E-04 
±6.1E-05 

ND ND 

Xylene (lb/lb Carbon) 7.0E-05 ND 2.5E-04d ND ND 
1,2,4-Trimethylbenzene (lb/lb 
Carbon) 

3.7E-05 ND 4.5E-05d ND ND 

a Carbon calculations based upon SUMMA canister CO and the CO2 from the simultaneous CEM data – SUMMA 
CO2 was below ambient background level. b ND, Not detected. CO non-detect values were ignored when calculating 
the emission factor. c BBL, Below background levels. d Only one sample with detectable levels.  

3.3 Energetic Compounds 

Due to the short sampling duration of each detonation, multiple events were used to create sin-
gle, composite samples for energetics. These single samples were obtained by using the same 
filter media without replacement during multiple, sequential OD events. One to four composite 
emission samples were collected for each munition type and soil cover depth. Ideally, energetic 
levels in the soil, background air, and emission samples could be compared for each energetic to 
discern whether energetics in the sampled emissions were from energetics released from the 
munition or due to entrainment of soil surrounding or covering the detonation. Results for all en-
ergetic air and soil samples collected during the field campaign are shown in Appendix F, Figure 
F-1 and Tables F2, F3, F4, and F5. Appendix L contains a laboratory report showing complete 
energetic analytic results from the soil samples. Appendix K contains a laboratory report show-
ing complete energetic analytic results from the air samples.  

HMX, RDX, and TNT were detected in two ambient air background samples collected on differ-
ent days. Detection of these energetics may be attributed to the sampler position; the background 
sampler was placed on a small crate atop a 15 foot berm and may have collected wind-swept soil 
on the filters with trace energetics. Despite this, the test detonation plume concentrations of 
HMX, RDX, and TNT were significantly higher than the background samples, respectively rang-
ing from 55-2480, 92-1750, and 43-860 times higher than the ambient air concentrations.  
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Figure 3-3 shows the chronological energetics levels in the soil (right side axis) and in the PM air 
samples (left side axis) throughout testing. TNT was found in the single, initial soil sample prior 
to testing (Figure 3-3) at about 10 µg/kg of soil. As considerable TNT testing had been done on 
this range in 2010 and 2011, finding TNT in the soil is not wholly unexpected. However, the test 
range had undergone substantial earth moving to prepare a protective berm for these detonations, 
so finding TNT in the soil was a bit surprising. The soil cover during the initial detonations was 
comprised of a large numbers of rocks which caused safety and equipment hazards upon detona-
tion of Comp B. Hence, the cover material was replaced with fine sand found in a nearby, exca-
vated location. This fine sand fill cover was used for all detonations subsequent to Comp B sam-
pling. The single fine sand fill sample used for covering the V453 and V548 munitions showed 
no detectable energetic levels, including TNT (“Sand Fill”, Figure 3-3).  

Detonation of Comp B, which contains both RDX and TNT (see pie chart, Figure 3-3) resulted in 
air emissions of both RDX and TNT, but also a comparatively small amount (113 µg/kg of par-
ticulate matter) of HMX (see “Comp B Surface” on Figure 3-3). The initial, pre-detonation soil 
sample showed no HMX (Figure 3-3) so this is not likely a source although there is some ques-
tion of pre-detonation HMX levels since a complete soil characterization was not performed. 
However, RDX may contain minor amounts (4 to 15% by weight) of HMX (Mitchell and Suggs, 
1998) and the detonation cord used in all of the tests consisted of 80% HMX. Both of these 
sources may have contributed to the HMX found in the air samples. The TNT level in the COMP 
B surface detonation plume sample was about 600 µg/kg PM. This concentration is about 60 
times that in the initial, single soil sample and is either due to emissions from the munition itself 
or due to biased air sampling of plume-entrained, TNT-enriched fine soil particles. As the RDX 
concentration was also 600 µg/kg PM in the emissions but was below detection limits for the ini-
tial soil, it is reasonable to assume that the TNT source in the emissions is primarily due to Comp 
B, as was RDX, and that no significant entrainment of TNT from the soil occurred. 
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Figure 3-3. Chronological energetics level in the soil and the PM samples throughout the testing. PM (air) 

concentrations on left Y-axis and soil concentrations on right Y-axis. Pie charts show energetic 
composition in each of the munitions. 

Energetics analysis of a single soil sample from the detonation pits after the surface and soil-
covered Comp B detonations (“Post Comp B,” Figure 3-3) shows detectable levels of only TNT 
(6 µg/kg soil), similar to the pre-detonation sample (initial 11 µg/kg soil). Despite Comp B’s ma-
jority composition of RDX and TNT, the former was not detected and the latter did not increase 
in concentration. However, it should be emphasized that the soil sampling was exploratory only 
and did not constitute a robust characterization of the potential energetics fate in the surrounding 
soil. Soil sampling and analysis was added to this work only as an exploratory concept; further 
definition of soil effects would require a more robust sampling campaign, especially in view of 
the challenging terrain and frequency of excavation and soil cover work during the field cam-
paign.  

Soil covered detonation of Comp B (both 3 ft and 6 ft) showed significantly diminished (~10-
fold) plume energetic to PM ratios of all three major energetics compared to Comp B surface 
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detonations (Figure 3-3), suggesting either that less energetics from the munitions were entrained 
into the detonation plume or that more soil PM with lower energetic concentration was entrained 
into the detonation plume. The average concentration of TNT in the plume PM (28 µg/kg PM, 
Appendix F, Table F4) exceeded that of the initial soil TNT level (11 µg/kg soil, Appendix F, 
Table F5). HMX was also detected in the PM sample from both soil-covered Comp B detona-
tions (3 ft and 6 ft) at about a 6-fold diminished level from the surface detonation, reflecting its 
likely presence in the munitions itself.  

Buried detonation of V453 (3 ft and 6 ft) resulted in plume PM concentrations of HMX and 
RDX only (TNT was not detected), ranging from 10 - 42 µg/kg PM. These levels are comparable 
to those found with soil-covered Comp B. Like Comp B, V453 contains only TNT (39% by 
mass) and RDX (61% by mass), so the presence of HMX may be attributable to the minor com-
ponent reported in RDX, the HMX in the detonation cord, and the pre-testing trial detonations 
(all three munitions types which contain RDX and potential trace amounts of HMX). Despite 
TNT comprising 39% by mass of the V453 energetic, it was not detected in the soil-covered det-
onation plume. Low levels of RDX (10 - 42 µg/kg PM) compared to Comp B surface emissions 
(600 µg/kg PM) support the role of soil-covered detonations in minimizing the energetic/PM ra-
tio that is likely a consequence of a large increase in soil PM. The soil sample taken after the 
V453 detonations (“Post V453”, Figure 3-3) indicates the presence of both TNT and RDX. TNT 
was observed in all earlier soil samples from the detonation pit, albeit at slightly higher levels. 
RDX is present (2 µg/kg soil) in the detonation pit soil for the first time, despite its presence in 
earlier detonations of Comp B. 

Buried detonations of V548 (99.6% HMX and 0.4% RDX by mass) resulted in over 1200 µg 
HMX/kg PM in the emissions, indicating residual energetics in the detonation plume. Compara-
bly minimal RDX was found (10 µg/kg PM), indicating that minimal contaminated soil from the 
V453 testing was entrained. Analysis of a single soil sample after V548 detonations (“Post 
V548”, Figure 3-3) shows the first detectable level of HMX in soil samples and RDX levels sim-
ilar to soil samples after V453 detonations. The increase in soil HMX appears to be from the 
munition’s formulation. The RDX presence in the soil is likely residual from previous detona-
tions (Comp B, V453, and K180) or from levels of energetic already existing at the Tooele Test 
Range.   

Energetic emission factors from detonation plumes are shown in Figure 3-4 and Table 3-4. The 
table contains three energetics, three energetic combustion byproducts (i.e., 2-amino-4,6-
dinitrotoluene, 2,4-dinitrotoluene, and 3,5-dinitrotoluene), and one compound, PETN, that ap-
pears to be from the detonation cord. The energetic emissions from V548 had an approximately 
fifty times higher HMX emission factor than the other munitions studied; its presence could be 
expected since over 99% of V548’s composition is HMX.  

Figure 3-4 indicates that, unlike the energetic/PM concentration in Figure 3-3, soil-covered deto-
nations may have higher energetic emission factors per mass of carbon in the munitions than do 
surface detonations. This is likely due to the much higher amounts of soil PM containing ener-
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getics entrained into the plume, although the possibility of a lower combustion efficiency from 
covered detonation would also be a consistent explanation.  

  

Figure 3-4. Energetics in air samples from different munitions and soil coverage depths; tests shown in 
chronological order. The pie diagrams shows the component percentage of energetics against the total 
amount of energetics. MDLs are listed in Appendix F, Table F3.  
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Table 3-4. Energetic emissions in lb/lb C. 

  ΔCO2 
(ppm) RDX  TNT  HMX  2-Amino-

4,6-DNT 
2,4-

DNT 
3,5-

Dinitroaniline PETN 

Comp B 
Surface 

Avg. 86 2.6E-06 2.6E-06 4.9E-07 1.0E-07 1.0E-06 ND 2.6E-07 
N DNA 1 1 1 1 1 1 1 

STDV DNA DNA DNA DNA DNA DNA DNA DNA 

Comp B 
3 feet 

Avg. 62 7.9E-06 8.4E-06 2.6E-06 6.5E-07 1.1E-05 ND 5.5E-07 
N DNA 3 2 3 4 3 4 2 

STDV  DNA 1.1E-06 DNA 2.9E-06 6.8E-07 4.2E-06 DNA DNA 
 AD/2 DNA DNA 8.1E-06 DNA DNA DNA DNA 2.3E-08 

Comp B 
6 feet 

Avg. 49 4.6E-06 1.7E-06 1.9E-06 5.3E-07 8.9E-06 ND ND 
N DNA 2 2 2 2 2 2 2 

AD/2 DNA 2.8E-06 1.3E-06 1.1E-06 4.7E-08 6.9E-07 DNA DNA 

V453 
3 feet 

Avg. 15 5.6E-06 ND 5.8E-06 3.0E-06 ND 2.4E-06 5.8E-06 
N DNA 1 1 1 1 1 1 1 

STDV DNA DNA DNA DNA DNA DNA DNA DNA 

V453 
6 feet 

Avg. 12 4.7E-06 ND 5.2E-06 2.1E-06 ND 2.5E-06 ND 
N DNA 1 1 1 2 3 1 3 

STDV DNA DNA DNA DNA DNA DNA DNA DNA 
 AD/2 DNA DNA DNA DNA 1.6E-07 DNA DNA DNA 

V548 
3 feet 

Avg. 20 1.1E-06 ND 2.8E-04 ND ND ND 4.7E-06 

N DNA 1 3 3 3 3 3 1 

STDV DNA DNA DNA 2.3E-04 DNA DNA DNA DNA 
ND, not detectable; N, number of ND samples or detectable samples; STDV, standard deviation; DNA, does not 
apply since single sample; AD, Absolute difference. 

The amounts of energetics released to the air, as compared to that present in the munitions, are 
shown in Table 3-5. These are the units used for the energetic emission factors as presented in 
draft AP-42 Chapter 16 (AP-42, 2011). Most of these emission factors are a combination of the 
emissions from energetics in the munition and any energetic that was contained in the soil. This 
is not true when a munition does not contain an energetic. In that case, the emission factor with 
these units cannot be calculated and soil borne energetics cannot be estimated. For detectable en-
ergetics, the releases of RDX, TNT, and HMX ranged from about 1E-06 to 5E-06 lb/lb energetic 
for all but V548; V548 showed HMX and RDX releases of about 7E-05 lb/lb energetic (± 6E-05 
lb/lb energetic). The larger HMX emission factor from V548, and the relatively high post-
detonation soil concentration of HMX (Figure 3-3) suggest that soil-covered detonation of V548 
produces higher amounts of unexploded energetic than the other munitions types.  

The comparable emission factors for Comp B surface, covered with 3 ft of soil, and covered with 
6 ft of soil in Table 3-5 as compared to Figure 3-3 are reflective of the higher amount of soil PM 
released into the air during soil-covered detonations. The larger amount of soil sampled per 
amount of energetic during soil-covered (versus surface) detonations diluted the emission factor 
expressed as mass of energetic per mass of sampled PM. These three modes (surface and covered 
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with 3 ft and 6 ft of soil) appear generally equivalent in terms of their energetic reactivity as re-
flected in similar emission factors, Table 3-5. In general, there were limited numbers of compo-
site samples and large variations in the results and further testing may be required to increase 
confidence in energetic emission factor results.  

Table 3-5. Emission factors in lb/lb Energetic. 

  RDX  TNT  HMX  

Comp B 
Surface 

Avg. 1.1E-06 1.7E-06 DNA 
N 1 1 DNA 

STDV DNA DNA DNA 

Comp B 
3 feet 

Avg. 3.3E-06 5.4E-06 DNA 
N 3 2 DNA 

STDV  4.5E-06 DNA DNA 
 AD/2 DNA 5.2E-06 DNA 

Comp B 
6 feet 

Avg. 1.9E-06 1.1E-06 DNA 
N 2 2 DNA 

AD/2 1.2E-06 8.7E-07 DNA 

V453 
3 feet 

Avg. 2.8E-06 ND DNA 
N 1 1 DNA 

STDV DNA DNA DNA 

V453 
6 feet 

Avg. 2.5E-06 ND DNA 
N 1 1 DNA 

STDV DNA DNA DNA 
 AD/2 DNA DNA DNA 

V548 
3 feet 

Avg. 7.5E-05 DNA 7.4E-05 
N 1 DNA 3 

STDV DNA DNA 6.0E-05 
STDV, standard deviation; DNA, does not apply; AD, Absolute difference. For emission factors, Comp B does not 
include an HMX component and V548 does not include a TNT component. 

3.4 Particulate Matter and Metals 

3.4.1 Particulate Matter 
Multiple detonation and burn events were used for collection of composite PM10, PM2.5 and Total 
PM samples. Two to twenty PM10, PM2.5, and Total PM filter samples were collected for each 
munitions type/soil cover depth scenario. In all, 103 PM filter samples were collected including 
59 for Total PM using three different methods, 22 for PM10, and 22 for PM2.5. Complete PM 
emission analyses are shown in Appendix F, Tables F6 and F7. Appendix M contains a laboratory 
report showing complete analytic results for PM from the impactor filter samples.  
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PM2.5 emission factors ranged from 0.42 lb PM2.5/lb NEW (the average of the two surface deto-
nation values) to 13 lb PM2.5/lb NEW for the munition/soil-covered detonation trials with an av-
erage relative standard deviation of 57%. The average PM2.5 emission factor for the seven deto-
nation scenarios was 9.7 lb PM2.5/lb NEW with an average standard deviation of 58%. These 
high mass values relative to the NEW mass underscore the obvious fact that the majority of the 
PM in the plume is derived from entrained and ejected soil rather than from particles originating 
from the munitions. This munition to soil PM partitioning is discussed later in Section 3.4.2. 

The PM10 emission factors for the munitions detonations range from 0.29 lb PM10/lb NEW (the 
average of the two surface detonation values) to 445 lb PM10/lb NEW (V453 with 6 ft soil cov-
er). The average PM10 value of the six munition/soil-covered detonation trials was 237 lb 
PM10/lb NEW, with an average relative standard deviation of 142%. The PM10 emission factor 
for the surface detonation of Comp B was in the same range as the surface detonation of TNT in 
the 2010 study (WP-1672), 0.29±0.13 lb PM10/lb NEW and 0.13±0.07 lb PM10/lb NEW, respec-
tively.  

The PM10 measurements from the soil-covered detonations generally had very high emission fac-
tors compared to their companion PM2.5 emission factors (Table 3-6). This is likely due to the 
presence of relatively large sand/dirt particles characteristic of the site that were ejected by the 
blast and entrained into the plume.  

The regression point displacement (RPD)/relative standard deviation (RSD) values for PM2.5 and 
PM10 are 57% and 98%, respectively, and are a reflection of variation in the plume particle densi-
ty. Plumes from repeat ordnance/soil cover scenarios often had quite distinctive plume appear-
ances. As a consequence, the Flyer likely sampled plume transects of varying particle loading, 
leading to variation in PM measurements. Lastly, PM samples for V548 (3 ft soil cover) collected 
from both ground-based and aerial based samplers show that the ground-based measurements 
had roughly equivalent or higher PM emission factors for all size categories measured by the 
impactors (Table 3-6). Since there is less time and space for PM fallout, ground samplers would 
be expected to be subjected to higher concentrations of larger particle sizes than aerial samplers.  

Total PM values were obtained from the energetics filter, and the pre-impactor plates of the 
PM2.5 and PM10 samplers. These three trial methods were employed to avoid the weight penalty 
associated with a separate sampler and pump for Total PM. Total PM from the energetics filter 
ranged from 1 to 126 lb PM/lb NEW (Figure 3-5 and Table 3-6) for all of the detonations, with 
the lowest value from the surface detonations of Comp B and the highest from V453, 3 ft soil 
cover. Total PM from the PM2.5 sampler ranged from 0.6 to 71 lb PM/lb NEW, with the lowest 
value from Comp B, surface and the highest from the surface-sampled detonation of the V548, 3 
ft soil cover. Total PM from the PM10 sampler ranged from 0.43 lb PM/lb NEW for Comp B, sur-
face to 476 lb PM/lb NEW for V453, 6 ft cover.  

There are differences between the Total PM emission factors from the three trial methods (Table 
3-6). This is, in part, due to the limited number of intra-method replicates and their variability:  
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the average RPD/RSD for the Total PM values for the energetics filter, PM2.5, and PM10 methods 
were 59%, 62%, and 102%, respectively. More replicates would likely reduce these numbers. In 
addition, observations support the contention that the methods did not sample equivalently. Many 
of the impactors had large, loose particles which did not adhere to the filter but were loose in the 
impactor cassette. The large particles are expected to be collected on the first sampling plate 
which was sprayed with Apeizon grease (1:20 mix of Apeizon grease and hexane). Their pres-
ence was certainly a consequence of overloading the initial impactor plates due to the high mass 
loading in the plume, causing the particles to bounce to the PM filter. The loose particles were 
added to the Total PM fraction but not the PM2.5 or PM10 fractions. It seems that these samplers, 
designed for ambient air sampling and small particles, apparently are unable to handle the large 
particles and mass loadings present in detonation plumes.  

This postulate seems likely, as the Total PM values from the PM10 impactor are much higher than 
those from the PM2.5 impactor for covered detonations. The PM10 impactors have larger inlet ori-
fices than the PM2.5 sampler, allowing larger particles to more easily pass into the sampler. Simi-
larly, the Total PM values from the PM10 impactor are much higher than those from the energet-
ics filter, as the latter is unlikely to sample and retain large particles due to its vertical orienta-
tion. Indeed, visual observation of the energetics filter confirmed the absence of these large, 
loose particles. Future sampling efforts with the PM2.5 and PM10 impactors should employ a pre-
separator to prevent very large particles from entering the impactor as these samplers are not de-
signed to handle the high mass loadings experienced during detonations. Based on the large vari-
ations and observed sampling problems with the PM2.5 and PM10 impactors, additional testing is 
needed to obtain more substantiated emission factors.  

The effect of soil cover on PM emission factors can be observed by comparing the results from 
detonation of Comp B on the surface and at 3 ft and 6 ft soil cover. Table 3-6 shows that all of 
the PM emission factors are higher with soil-covered detonation than with surface detonation. 
For example, the values from the energetics filter and the PM2.5 impactors show approximately a 
20- to 30-fold PM Total emission factor increase during soil-covered detonation. No conclusive 
distinction can be made between soil-covered detonation at 3 ft and at 6 ft for both Comp B and 
V453; additional test efforts could be designed to further evaluate impacts of burial depth on air 
emissions.  



 

39 

 
Figure 3-5. PM emission factors in lb/lb NEW. 

Table 3-6. PM emission factor in lb/lb NEW. 
     Total PM Total PM Total PM PM10 PM2.5 

Open Detonation 
 From energetics 

filter 
From PM10 
impactor 

From PM2.5 
impactor 

 
  

     lb/lb NEW lb/lb NEW lb/lb NEW lb/lb NEW lb/lb NEW 
CompB Surface Average 1.1 0.43 0.61 0.29 0.42 

  
N 1 2 2 2 2 

  
AD/2  DNA 0.24 0.12 0.13 0.09 

  

RPD 
(%) DNA 111 40 91 42 

CompB 3 feet Average 29 310 14 304 7.4 

  
N 4 4 4 4 4 

  
STDV 15 443 7.0 446 6.1 

  

RSD 
(%) 52 143 48 147 83 

CompB 6 feet Average 23 51 33 8.0 9.7 

  
N 2 2 2 2 2 

  
AD/2 8 35 8 1 3 

  

RPD 
(%) 70 139 50 28 67 

V453 3 feet Average 126 257 16 238 8.8 

  
N 1 3 3 3 3 

  
STDV DNA 187 4.9 177 0.9 

  

RSD 
(%) DNA 73 32 74 11 
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     Total PM Total PM Total PM PM10 PM2.5 

Open Detonation 
 From energetics 

filter 
From PM10 
impactor 

From PM2.5 
impactor 

 
  

     lb/lb NEW lb/lb NEW lb/lb NEW lb/lb NEW lb/lb NEW 
V453 6 feet Average 33 476 19 445 13 

  
N 3 3 3 3 3 

  
STDV 14 742 4.9 741 4.3 

  

RSD 
(%) 42 156 26 167 34 

V548 3 feet Average 57 202 27 142 10 

  
N 2 2 2 2 2 

  
AD/2 21 38 21 67 7 

  

RPD 
(%) 74 38 154 95 130 

V548 
3 feet, 
ground Average 45 377 71 282 13 

  
N 2 6 6 6 6 

  
AD/2 21 DNA DNA DNA DNA 

  

RPD 
(%) 

 
DNA DNA DNA DNA 

  
STDV DNA 196 59 232 4.6 

  

RSD 
(%) DNA 52 82 82 35 

ARC 
452A   Result NS 15 NS 0.31 NS 

  
N NS 1 NS 1 NS 

ARC 
451   Result NS 7.6 0.30 0.28 0.25 

  
N NS 1 1 1 1 

STDV, standard deviation; NS, Not sampled; DNA, Does not apply (less than 3 samples); AD, Absolute difference. 

3.4.2 Metals in PM 
A total of 50 PM2.5, PM10, and Total PM filter (from the PM10 impactor only) samples were ana-
lyzed for metals in order to derive emission factors and to begin to distinguish between contribu-
tions to the PM from soil-borne metals and from metals contained in the munitions. Comparison 
of metal emissions in the plume sample with those in the soil has potential for differentiating soil 
and munition contributions to the emissions. This is particularly true for those metals that are 
unique to the munitions and are not expected in the natural soil. As shown in Figure 2-3, the 
V453 warhead contains Zr and Hf; two metals present only in this warhead and not commonly 
found in the soil. Measurement of these two metals was targeted in the hope of distinguishing 
soil from munition plume contributions. Complete metals emission and soil analyses results are 
shown in Appendix F; Tables F8, F9, F10, F11, F12, and F13. Appendix M contains a laboratory 
report showing complete analytic results for metals from the impactor filter samples and soil 
samples.   
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The ability to attribute metal emissions to the munition alone rather than the soil is complicated 
by the likelihood of particle size bias upon detonation. Smaller particles are more likely to be 
entrained into the plume and sampled by the Flyer. This size partitioning of soil particles may 
have the effect of enriching the plume with smaller, higher surface area soil particles that have a 
higher concentration of specific detonation site metals, thus minimizing the relevance of the met-
al composition of the bulk soil samples. Alternatively, larger soil granules may have a distinctive 
composition to that of their smaller counterparts.  

An additional complication results from the compositional impacts to the cover soil and sur-
rounding soil from previous detonations. Even use of fresh soil cover may lead to complications, 
as the detonation shock wave and entrained flow will lead to surface contributions beyond the 
immediate footprint of the detonation. 

Lastly, adequate characterization of soil elements is a significant sampling effort beyond the 
scope of the exploratory methods pursued herein. Heterogeneity of metal concentration in the 
soil and soil and movement from both heavy machinery and the detonations themselves compli-
cate the statistical sampling process necessary to obtain representative and accurate soil concen-
trations. 

The major soil metals (Ca, Fe, Al, K, Mg, Na, Mn) are shown in Figure 3-6 and Appendix F, Ta-
ble F12. This composition was consistent across the limited number of samples (5) with an aver-
age RSD for these seven elements of 9.6 %. Hafnium (Hf), a component of V453, was not de-
tected in the soil samples, affording the opportunity to attribute all Hf in PM emissions to the 
munitions rather than the soil. Zr was present in the soil at 0.026%.  
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Figure 3-6. Metal composition in soil, average of all five collected samples. Hafnium was not detected.  

Figure 3-7, A-F, shows the metal concentration percentages in the plume PM samples and their 
associated soil samples for all munitions and soil cover depths. Major soil elements showing en-
richment in the plume samples included Al, K, and Na while Ca and Fe showed depletion. This 
suggests that the detonation results in metal-specific partitioning of the soil in the plume cloud, 
although the limited number of soil samples tempers this conclusion. This is likely due to hetero-
geneity of metal concentration in the soil, the differences in particle sizes sampled in the plume 
versus the soil, and the characteristic of different soil particle sizes to have different elemental 
compositions. This hypothesis is supported by the observation that, for example, the Al in Total 
PM is of lower concentration than PM2.5 or PM10. Minor elements suggesting enrichment includ-
ed Zr, Hf, and Pb, while Mn showed depletion.  

The enrichment/depletion trends for Comp B are of particular interest since Comp B contains no 
metals. Plume samples for Comp B should reflect the natural enrichment/depletion of metals 
from detonations due to partitioning of the metals by particle size. The phenomenon of metal en-
richment/depletion by particle size complicates the ability to distinguish the plume PM samples 
for soil contributions versus munitions metals.  

Comparison of the Zr concentrations in the bulk soil samples (see Figure 3-6) with the PM2.5 and 
PM10 samples from Comp B (surface, 3 ft, and 6 ft) (Figure 3-7 A-C) shows about a 4-fold en-
richment in the emissions. As Comp B contains no Zr, this result shows that bulk soil samples are 
likely inadequate for ascribing metals in air samples to the soil or the munitions.  
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Interestingly, Hf, not detected in the two soil samples prior to use of the Hf-containing V453, is 
sufficiently enriched in the air PM samples to exceed detection limits, and has an average con-
centration of 0.03 µg/g (calculated from results found in Appendix F, Tables F8, F9 and F10) for 
the emissions from the non-metal-containing, Comp B surface detonation. This Hf may be sur-
face contamination from the pre-test, trial detonations. This apparent plume enrichment with Hf 
is more limited in the soil-covered detonations of Comp B to the point that Hf does not appear at 
all in the PM sample for the Comp B with 6 ft of soil cover. Whether the plume-enriched smaller 
particles contain more Hf than their bulk soil counterparts or whether surface detonations are 
more successful at entraining surface contaminated soil than covered detonations, it’s clear that 
attribution of plume emissions to the ordnance composition is not a straightforward task.  

Table 3-7 shows the metal in the PM samples as a ratio to the metals contained in the munitions. 
These are the units used for the metallic emission factors in the AP-42 Draft Chapter 16 (AP-42, 
2011). Most of the emission factors from our testing include the emissions from any metal that is 
contained in the entrained soil. This is not true when a munition does not contain a metal. In that 
case, the emission factor with a denominator based on the amount of metal in the munition can-
not be calculated and soil borne metals cannot be estimated. Values greater than unity indicate 
metal amounts above those available from the munitions indicating a source from the entrained 
soil or metal enrichment due to particle size effects. Values less than unity indicate the munitions’ 
metals are not completely emitted into the plume and are likely partially retained in the soil as 
large or small metal fragments.  

Al typically has values greater than unity (Table 3-7), regardless of particle size, most likely due 
to entrainment of Al from the soil. In V548, Pb also averages a metal fraction above unity, sug-
gesting either contribution of Pb from the soil, or enrichment of the Pb-containing particles pos-
sibly due to a vaporization/condensation mechanism. Zr and Hf, present as an alloy in the shaped 
charge of V453 at a mass ratio, Zr/Hf, of 21/1, has five PM ratio values less than 0.9/1 (Table 
3-7), with three of these (V453, 6 feet) less than 0.1/1. A sixth ratio is at 1.8/1. The significant 
change in this ratio from that of the original composition is intriguing since these metals are al-
loyed and might not be expected to show differential behavior. Some portion of the ratio changes 
may occur from soil contributions of Zr and Hf. Nonetheless, their presence in the emissions at 
emission factors significantly less than one indicates that metals in the ordnance do not wholly 
partition to the emissions – the majority partitions to the soil as large or small metal fragments. 

Table 3-8 shows the metal values for Al and Fe in the plume-collected PM from the propellants 
ARC 451 and ARC 452. In the case of the propellants, emission factors less than unity indicate 
that the metals were most likely retained in the ash in the burn pans. Only a single composite 
sample from each of the ARC 451 and ARC 452A propellants was possible due to the light mass 
loading of the plume and the limited number of trials. ARC 451 and ARC 452A had about 7% 
and 10%, respectively, of their Al emitted into the plume based on PM sampling. Results for Fe 
show a greater range, between 10 and 39%. Additional tests should be conducted to verify these 
single-sample results.   
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Table 3-7. Metal emission factors (fraction of select metals found in PM emission samples, in lb/lb metal). 
    PM2.5 (lb/lb metal) Total PM (lb/lb metal)a 

 Al Hf Zr Fe Mn Pb  Al Hf Zr Fe Mn Pb 

V453 
3 feet 

 

Avg 1.9 0.0027 0.0049 0.087 0.25 DNA  1.8 0.012 0.010 0.27 0.82 DNA 
N 3 1 3 3 3 DNA  3 1 3 3 3 DNA 

SD 1.4 DNA 0.0017 0.026 0.072 DNA  0.31 DNA 0.0025 0.072 0.23 DNA 
 PM10 (lb/lb metal)  
 Al Hf Zr Fe Mn Pb        

Avg 0.92 0.012 0.0042 0.089 0.25 DNA        
N 3 1 3 3 3 DNA        

SD 0.39 DNA 0.0013 0.017 0.049 DNA        
  PM2.5 (lb/lb metal) Total PM (lb/lb metal) 
  Al Hf Zr Fe Mn Pb  Al Hf Zr Fe Mn Pb 

V453 
6 feet 

 

Avg 1.8 0.093 0.0084 0.20 0.46 DNA  3.7 0.22 0.012 0.57 1.7 DNA 
N 3 2 3 3 3 DNA  3 2 3 3 3 DNA 

SD 1.1 0.036a 0.0040 0.12 0.26 DNA  1.3 0.15a 0.0072 0.20 0.54 DNA 
 PM10 (lb/lb metal)  
 Al Hf Zr Fe Mn Pb        

Avg 1.2 0.22 0.0078 0.25 0.60 DNA        
N 3 2 3 3 3 DNA        

SD 0.50 0.15a 0.0024 0.076 0.14 DNA        
  PM2.5 (lb/lb metal) Total PM (lb/lb metal) 
  Al Hf Zr Fe Mn Pb  Al Hf Zr Fe Mn Pb 

V548 
3 feet 

Avg 6.9 DNA DNA 0.11 0.44 1.5  45 DNA DNA 1.4 5.6 13 
N 8 DNA DNA 8 8 8  8 DNA DNA 8 8 8 

SD 5.3 DNA DNA 0.077 0.35 1.2  37 DNA DNA 1.3 5.1 5.8 
 PM10 (lb/lb metal)  
 Al Hf Zr Fe Mn Pb        

Avg 1.1 DNA DNA 0.20 0.84 2.8        
N 8 DNA DNA 8 8 8        

SD 0.57 DNA DNA 0.10 0.45 1.4        
DNA, Does not apply; metal is not in ordnance composition. a Total PM results from PM10 impactor. b Absolute dif-
ference divided by two.  

Table 3-8. Metal emission factors from ARC 451 and ARC 452A. 

Propellant PM2.5  
(lb/lb metal) 

Total PMa  
(lb/lb metal) 

PM10  
(lb/lb metal) 

Total PMb  
(lb/lb metal) 

 Al Fe Al Fe Al Fe Al Fe 
ARC 451 0.068 NA 0.069 NA 0.072 NA 0.073 NA 

ARC 
452A NS NS NS NS 0.100 0.110 0.101 0.389 

NS, Not sampled; NA, not analyzed.  
a Total PM from PM2.5 impactor plate disk. b Total PM from PM10 impactor plate disk.  
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Figure 3-7. Metal percentage in PM and soil samples (A-G). Note two y-axes. 

3.5 Continuous Particulate Matter  

Continuous PM was measured by optical means with the DustTrak for six and three detonations 
of V453 and V548 (all munitions covered with 3 feet of soil) respectively; weight restrictions on 
the Flyer when adding the DustTrak sampler required removal of the SUMMA canister sampler 
to offset the weight gain thus limiting the number of samples. Many of the DustTrak measure-
ments suffered from one or more of the optical PM channels being saturated (instrument satura-
tion >150 mg/m3). Only three of the detonations resulted in all PM channels less than 150 
mg/m3. The average cumulative mass distribution data for V453 (two detonations) and V548 
(one detonation) showed that over half of the PM (58%) existed as PM1: 

• PM15 – 100%  

• PM10 – 87% (± 11) 

• Resp. (PM4) – 63% (± 22)  

• PM2.5 – 59% (± 24) 

• PM1 – 58% (± 24) 
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Figure 3-8 shows time-synchronized photographs (first row), CO2 and PM concentration traces 
(second row), and a repeat of these traces superimposed on the resultant Total PM emission fac-
tor (third row) for two representative detonations of V453 and V548. Five PM size classes are 
illustrated: PM1, PM2.5, PM4 (Respirable), PM10, and PM15. The photographs and traces illustrate 
how the PM and CO2 concentrations change throughout the plume history as it passes by the 
Flyer. The variation of the PM and CO2 traces indicates both the heterogeneity of the plume as 
well as the ability of the crew to keep the Flyer in the plume. In the middle of the sampling for 
V453, both PM and CO2 concentrations return to baseline ambient levels suggesting that the Fly-
er was not within the plume for this part of the plume passage. V548 data illustrate a more con-
sistent plume sample and/or a better ability of the crew to maintain the sampler within the plume. 
The variation of the CO2 traces with the PM measurements shows that PM is not necessarily as-
sociated with the CO2. A number of instances were noted where the Flyer was within the visible 
plume (consisting of entrained soil, cover material, and detonation products) but elevated CO2 
concentrations were not observed, suggesting that the visual plume does not consistently contain 
detonation products. The degree of plume mixing and the position of the sampler (aerostat-based 
or ground-based) also appear to have an effect on the correlation between CO2 and PM. The pho-
to of the V548 detonation shows a very discrete plume (which was sampled at ground level due 
to high winds) as reflected in the distinct, uninterrupted CO2 and PM peaks. The CO2 peak is 
brief and is mostly correlated with the smaller PM fractions, suggesting that the gaseous combus-
tion products are associated with fine combustion derived particles and/or fine soil particles. The 
V453 photograph shows a more dispersed plume that is in line with the more widely time-variant 
PM and CO2 values observed in its accompanying CO2 and PM trace graphs.  

As mentioned above, the third row of Figure 3-8 shows PM and CO2 concentrations versus their 
resultant PM emission factor. The PM emission factor is calculated, and non-zero, during those 
periods when the CO2 concentration is distinctively greater than ambient levels, indicating the 
presence of the ordnance combustion products. The time-resolved PM2.5 concentrations from six 
and three detonations were plotted against the corresponding concentrations of ΔCO2 each se-
cond of the V453 and V548 detonation plume sampling, respectively (Figure 3-9). The correla-
tion value indicates the degree of heterogeneity of the plume. The higher correlation for the aeri-
al-collected sample (V453) than the ground-collected sample (V548) suggests that aerial meas-
urements may allow for sampling a more homogeneous mixture of munitions-related pollutants 
than ground measurements. The correlations observed here between PM2.5 and ΔCO2, R2 of 0.44 
and 0.64, were lower than for open burns (the only other time these measurements were taken) of 
propellant shown in the 2011 study (WP-2153), of 0.77. This is not entirely unexpected as the 
open burns did not have the complication of soil entrainment into the plume nor the longer sam-
pling distance required by the detonation hazard of rock and metal casing projectiles. 
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Figure 3-8. Segregation of CO2 and PM in the plumes. Total PM and CO2 concentration traces with 

instantaneous Total PM emission factors for V453 (first detonation) and 548 (second detonation) (both 3 
ft soil cover). 
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Figure 3-9. Correlations of continuous PM2.5 and CO2 concentration for six detonations of V453 covered with 
3 feet of soil (air based measurements) and three V548 covered with 3 feet of soil (ground based 
measurements). 

The PM is sampled throughout the whole duration of the plume and, depending on the heteroge-
neity of the plume, may be sampling soil/dust without any combustion products, such as CO2. 
This would tend to raise the PM to CO2 ratio, resulting in a higher PM emission factor. The vari-
ance of the PM emission factor throughout the plume passage indicates the heterogeneity of the 
plume, the need for cumulative measurements, and the benefit of multiple trials to arrive at a rep-
resentative emission factor value.  

The DustTrak-derived PM emission factors from the six detonations of V453 and three detona-
tions of V548 are shown in Table 3-9. Overall these emission factors are much lower than the 
emission factors derived from contemporaneous, gravimetric measurements with the PM 
impactors shown in Table 3-6. There are several reasons for the much lower emission factors. 
One reason is that the light-scattering PM concentrations are only included in the emission factor 
calculations when the CO2 concentrations are also distinctively above ambient, while the gravi-
metric impactor sampled throughout the whole duration of the plume without regard to the CO2 
level. Another reason is that the particle size range of approximately 0.1 to 15 µm for the light-
scattering measurements was different that than of the PM gravimetric impact samplers, the latter 
which included all particles capable of passing into the impactor orifices. Finally the DustTrak 
measurements with saturated PM channels were not included in emission factor calculations and 
saturated PM channels indicate larger PM concentrations than the measurements without PM 
channel saturation.  

A comparison of simultaneous sampling of PM10 and PM2.5 by filter batch sampling and continu-
ous light-scattering measurements is shown in Appendix F Table F16. These are the only series 
where there were overlapping measurements taken. This comparison shows that the filter meas-
urements of emission factors are much higher than those from the DustTrak, for reasons ex-
plained above.  
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Table 3-9. PM emission factors derived from all DustTrak continuous light-scattering measurements. 

   
PM15 

lb/lb NEW 
PM10 

lb/lb NEW 
PM4 

lb/lb NEW 
PM2.5 

lb/lb NEW 
PM1 

lb/lb NEW 

V453 3 feet Average  5.3 4.2 2.3 2.1 2.0 

  STDV NA 0.98 1.2 1.2 1.2 

  AD/2 NA NA NA NA NA 

  N 1 3 6 6 6 
V548 3 feet Average  2.9 2.3 2.2 2.1 2.1 

  STDV NA NA 1.2 1.2 1.2 

  AD/2 NA 0.42 NA NA NA 

  N 1 2 3 3 3 
STDV, standard deviation; AD, absolute difference; N, number of samples. 

Further evidence for both plume heterogeneity and morphology from detonation to detonation is 
observed in the photographs in Figure 3-10. Contrasting plume coloration, including surface soil 
(light color), soil cover (brown), and detonation products (dark) show the different components 
of the plume indicating significant heterogeneity of composition and particle density within a 
plume. Characterization of these plumes is therefore best pursued with multiple samples creating 
a composite value. The plume morphology also changes from detonation to detonation. Each of 
the photographs in Figure 3-10 are taken 7 seconds after detonation from V453, covered with 6 
feet of soil, yet there is significant variation in the overall plume shape and character. This varia-
tion also translates into somewhat unpredictable plume transport paths, emphasizing the need for 
multiple samples. 
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Figure 3-10. Four detonations of V453 covered with 6 feet of soil, seven seconds after detonation. 

3.6 HCl and Perchlorate 

Perchlorate, chlorate, and HCl analytes were targeted for sampling from nine ammonium per-
chlorate burns of ARC 451 and four of ARC 452A burns (Table 2-3). Six composite Cl samples 
were analyzed, three according to the Alkali-impregnated filter ISO Method 21438-2 
(International Standard, 2009) and three according to the Silica gel collection NIOSH Method 
7903 (U.S. NIOSH, 1994). The results for both of these methods showed concentrations close to 
the method reporting limit, MRL (1.4 to 5 times the MRL) due to insufficient sample volume. 
This was the result of internal programming of the pump which caused the pump to cease sam-
pling after 30 seconds. The operators were unaware of pump cessations until examination of the 
pump data post-campaign. After the pump shut down, its restart mechanism would not com-
mence until 3 min had passed, by which time the bulk of the plume had passed. Subsequent trou-
bleshooting after the field campaign found that the pump shuts off when the actual flow is less 
than that pre-specified by the user due to pressure drop across the filter. This “feature” was in-
cluded in the Gillian pumps that were custom-configured for our remote operation and the stand-
ard manual did not include information about pump shut down during low flow rates. This 
shutoff was not anticipated based on 2011 Production Range tests with the Sparrow rocket mo-
tors because the plume sampling did not exceed 30 sec. As the pump was started about this same 
period of time prior to ignition, little of the plume is believed to have been sampled. Future tests 
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have added a pressure transducer to the pump system so that the operator will know when the 
pump is operating or not. 

3.7 Comparing CO2 Measurements to OBODM Predictions  

During the ARC propellant open burns and Cl species sampling, CO2 and GPS-detected position 
and altitude were determined using two aerostats with the Flyer and a more lightly configured 
Flyer with a smaller aerostat (see photograph in Figure 2-12). The large and small aerostats were 
pre-positioned downwind approximately 80 and 120 meters and at an average altitude of 30 and 
50 meters, respectively. The 80-120 meter downwind start location of the aerostats and their alti-
tudes were changed slightly during the burn to ensure that they were optimally positioned within 
the plumes. Data for CO2 concentration and position (downwind distance and altitude) were 
compared with predictions from the OBODM model (Bjorklund et. al, 1998). This model is used 
to produce input data of plume rise and concentration for use in the American Meteorological 
Society/Environmental Protection Agency Regulatory Model (AERMOD) which is a general 
purpose standard USEPA dispersion/deposition model that is also used for munitions disposal 
health risk assessments. This work was undertaken by the USEPA participants as an in-kind con-
tribution to the project. Significant effort was required to develop OBODM into a useful resource 
as the model is over 20 years old, was written in FORTRAN code, and was written to output re-
sults of cumulative exposure rather than concentration. In essence, a “shell” was written around 
the old OBODM code that allowed multiple runs to output a time series of concentrations. Initial 
results (see Figure 3-11 at t = 45 s) suggest reasonable agreement between the field measure-
ments and model predictions, given the variation in local wind conditions. The top part of the 
figure shows a predicted, time-resolved ΔCO2 concentration from the ARC propellant burns for 
the 13-run, averaged position of the large aerostat (solid line) and small aerostat (dashed line). 
The bottom figure shows the spatial ΔCO2 concentration distribution at 45 s from OBODM and 
the model-predicted ΔCO2 concentrations at the averaged aerostat positions (58.49 ppm for the 
large aerostat). For comparison, the 13-run, averaged ΔCO2 value for the large aerostat (Table 
3-2) during the 13 burns was 83 ppm. This measured value is higher than that predicted by 
OBODM’s large aerostat position at 45 s, suggesting that the plume was actually lower (and 
therefore the concentration was higher) than the OBODM model predicted. 

A sensitivity analysis on OBODM varied the heat content of the munitions and localized wind 
speed. Higher heat contents increase the plume rise and decrease the downwind concentration 
due to higher buoyancy and an increase in the effective radius of the source. This led to an ap-
proximate uncertainty of 30% for the concentration at the small aerostat. Wind speed values, and 
the power law assumption for vertical variation of wind speed, make a large difference in the 
near-field OBODM plume predictions. This work has highlighted the need for local wind veloci-
ty measurements in order to accurately model plume characteristics with OBODM.  
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Figure 3-11.OBODM prediction of time-resolved CO2 concentration from open burning of ARC-451 at the 

average location of the large and small aerostat-lofted samplers (Top). OBODM-predicted CO2 
concentration map at 45 seconds after ignition and predicted concentration at the average aerostat 
positions.  
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4. Conclusions  

An aerostat-lofted emission sampler was employed successfully on 109 detonations of the bulk 
explosive Comp B and metal-cased V453 and V548 warheads. Open burning of AP-based pro-
pellant was undertaken in 13 sampling trials. Plume emissions, including VOCs, metals, energet-
ics, and PM mass by particle size were characterized for determination of emission factors. This 
work represents the first emission sampling of soil-covered metal-cased ordnance detonations in 
the open atmosphere and determined the first PM2.5 emission data for OD operations. The effect 
of surface detonations versus soil-covered detonations at two depths was evaluated. An explora-
tory trial of soil sampling to aid in partitioning PM emissions between the ordnance byproducts 
and soil entrainment/ejection was undertaken.  

There was large variation between detonation events and within detonation plumes. Detonation 
plumes were heterogeneous in nature and could often be visibly divided by color between lighter 
areas that appeared to consist of mostly surface dust/soil cover, and darker areas that appeared to 
contain ordnance combustion products. In addition, the detonations themselves resulted in varia-
ble plume directions and morphologies. As a result of this variation, multiple detonations with 
cumulative samples are warranted in order to obtain representative samples and emission factor 
values. 

Limited SUMMA canister samples detected VOC emissions of common BTEX compounds at 
part per thousand levels or lower. Benzene levels for soil-covered Comp B were similar to those 
from surface detonations of TNT conducted during work on WP-1672. VOCs for propellant 
burns were all below detection limits. 

The fate of residual energetics after detonations was complicated by the presence of background 
TNT detected in limited soil grab samples at the test range’s OD test area, the uncertain contribu-
tion of limited pre-test trial detonations to soil residues, test to test residual contributions, poten-
tial enrichment of emission samples having higher concentrations on smaller particles, the lim-
ited soil sampling conducted, possible contributions from the HMX-containing shock tube, and 
uncertainty as to whether the RDX formulation contained small amounts (4 to 15% by weight) of 
HMX.  

Post-Comp B soil testing did not detect residual RDX, suggesting minimal transfer of energetics 
to the soil. Detonation of V453 and V548 does not support this conclusion, however, as substan-
tial RDX and HMX, respectively, was found in the post-test soil. V548 also had the highest con-
centration of energetics for all the ordnance types, approximately 30 times that of the other muni-
tions. This variation suggests that the fate of residual energetics (concentration, presence in soil 
or air) may be ordnance-specific or energetic-specific. The typical energetic emission factor was 
about 2E-06 lb/lb energetic. 

Soil coverage of Comp B bulk explosive to 3 ft and 6 ft depths resulted in lower concentration 
ratios of soil energetics to plume PM energetics. However the emission factors for energetics 
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were higher for soil covered detonations. These results reflect soil-covered detonation that result 
in significantly higher amounts of PM entrained into the plume from the soil than surface detona-
tions. Increased soil cover depth to 6 ft from 3 ft had an inconclusive effect due to the wide vari-
ance in results. Overall, ordnance soil coverage appears to result in higher energetic residuals in 
the plume on a carbon mass basis but this is based on limited testing.  

The PM10 emission factor for the surface detonation of Comp B was in the same range as the sur-
face detonation of TNT in the 2010 study (WP-1672), 0.29±0.13 lb/lb NEW and 0.13±0.07 lb/lb 
NEW, respectively. Buried detonations resulted in PM2.5 and PM10 values ranging from 7 to 13 lb 
PM2.5/lb NEW and 8 to 445 lb PM10/lb NEW, respectively. The large increase in PM10 and PM2.5 
from surface to soil-covered detonation confirms that the latter results in significantly more soil 
mass in the plume.  

Three methods of Total PM determination were evaluated that used related sampling systems to 
avoid adding the weight of a separate pump and hardware to the aerostat. Total PM sampled by 
the energetics filter, the PM10 impactor, and the PM2.5 impactor resulted in soil-covered detona-
tion emission factor values ranging from 23 to 156 lb PM/lb NEW, 51 to 476 lb PM/lb NEW, and 
14 to 71 lb PM/lb NEW, respectively. The magnitude of these Total PM values underscores the 
very substantial contribution of soil to the plume PM mass. Total PM appeared to be significantly 
higher for covered rather than surface detonations, reaching a maximum of 476 lb/lb NEW, and 
did not appear to be affected by coverage depth. The range of values within each method is wide, 
indicating the heterogeneity of the plumes, a fact supported by plume photographs and time-
resolved CO2 and PM traces. The variable results were also likely a result of differences in the 
sampling methods. The energetic filter, oriented vertically facing the detonation source, was un-
likely to hold onto larger particles and likely represents a low Total PM value. The PM2.5 
impactor had a lower Total PM loading than the PM10 impactor likely due to the smaller orifice 
size on the PM2.5 inlet (8 holes of 1.7 mm [0.07 in] diameter versus 8 holes of 4.3 mm [0.17 in] 
diameter on the PM10 impactor) limiting the capture of large particles. Total PM from the PM10 
impactor seems the most reliable of the three methods since it was not limited in collecting larger 
particles; this should be verified by parallel tests with a dedicated Total PM sampler. The large, 
loose particles present in some of the PM10 impactors suggest also that the extremely high parti-
cle loading in the plume may have overloaded the impactor plates. Future tests should examine 
this issue by employing a pre-separation mechanism, such as a cyclone, prior to the impactor 
plate.  

Clear discernment of the fate of ordnance metals suffered the same limitations as the energetics. 
Residuals from historical testing of explosives on the range, limited soil sampling, test to test re-
sidual contributions, and the potential for biased plume collection of enriched metals on smaller 
particles resulted in uncertainty in partitioning between soil and direct emissions from the muni-
tions. The presence of Zr and Hf in select ordnance and their presumed absence in the soil af-
forded an attempt to follow the metals’ fates. Trace amounts of Zr in the soil were increased 4-
fold in the Comp B emissions (although Comp B does not include Zr), demonstrating possible 
enrichment by particle size and the inadequacy of bulk soil samples for characterizing metal con-
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centrations in soil PM. The same phenomenon was observed with Hf which was not detectable in 
the soil but became detectable in the Comp B PM emissions, even though it was not present in 
Comp B.  

All of the PM samples from the V453 detonations resulted in emission factors (lb Hf or lb Zr 
mass/lb metal in the munition) less than or equal to 0.22 or 22%, meaning that most of the metal 
in the munition does not end up in the emissions, despite the potential contribution of Hf and Zr 
from the soil. For PM2.5 and PM10, the average Zr emission factor was 0.006 lb Zr/lb metal, 
meaning that less than 1% of the metal in the ordnance ended up in the emissions. For Hf this 
value was 8.2%. These results are not unexpected since the metals are part of an alloy compris-
ing a shaped charge within the munition and it is unlikely that all of this material would be re-
duced to PM10 or smaller particles. Both propellants resulted in metal emissions in the PM sam-
ples. From single composite samples, ARC 451 and ARC 452A had about 7% and 10%, respec-
tively of their Al emitted into the plume based on PM sampling. Results for Fe show a greater 
range, between 10% and 39%. Additional tests should be conducted to verify these single-sample 
results.   

Sampling of AP-containing propellant for Cl species was inconclusive as the sampling pumps 
turned off after 30 s, collecting an insufficient sample size to exceed detection limits. Additional 
tests should be conducted to determine air emissions of Cl species resulting from Open Burning 
of such AP-based propellants. 

Simultaneous collection of CO2 and position data with two aerostat/Flyer pairs enabled prelimi-
nary evaluation of the OBODM model, highlighting the sensitivity of model results to local wind 
speed. Additional detailed testing and evaluation could be performed to more fully evaluate the 
OBODM outputs versus actual air emission concentrations. 

All test plans and reports have been provided to the Joint Ordnance Commanders Group Demil 
Subgroup Chairman for appropriate coordination within DoD and USEPA as dictated in the Open 
Burning Open Detonation Emissions Factor Protocol (Joint Conventional Ammunition Policy 
and Procedure #7). Data obtained from this study and WP-1672 and WP-2153 will greatly assist 
DoD in performing health risk assessments and obtaining permits for their OB/OD operations. 
Overall, the study was successful in determining the feasibility of the deployed measurement 
systems. The field campaigns and data analysis results clearly indicated that some of the meas-
urement systems can become powerful tools to characterize air emissions from field OB/OD op-
erations.  

Results from this project combined with results from WP-1672 and WP-2153:  

• Provided DoD with feasible open atmospheric methods to obtain accurate air emissions 
data for OB/OD operations, 

• Provided DoD with some preliminary information with which to evaluate the practice of 
soil coverage for OD, 
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• Provided DoD with much needed emission factors and data of a very high quality accord-
ing to USEPA requirements, 

• Helped DoD during discussions with USEPA to formulate accurate and representative air 
emission factors for eventual publication with USEPA. 
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5. Recommendations 

Repeat detonations under identical conditions resulted in large variation in the appearance of the 
resulting plumes. This visual evidence reinforces the need for collecting composite plume sam-
ples across multiple trials and for continuing this level of sampling in future testing. This study 
conducted only limited numbers of trials using developmental sampling methods. Although a 
great deal was achieved during this work, additional tests should be conducted in order to vali-
date the sampling methods and develop well-substantiated and representative emission factors 
for OD. 

The following suggested additional tests would help confirm and enhance results from work on 
WP-2233: 

• Limited data showed higher than expected CO levels in some OD plumes up to about 100 
ppm. These results should be confirmed with additional tests. 

• Based on the large variations and observed sampling problems with the PM2.5 and PM10 
impactors, additional testing is needed to obtain more substantiated emission factors. Testing 
of PM air emissions from covered detonations should include comparisons to uncovered det-
onations, PM size distribution analysis, and evaluation of contributing factors such as cover 
depth, soil moisture content, and soil types. 

• Additional testing should be performed to evaluate the impacts of soil coverage, energetic 
type, and munition design (e.g., bulk vs. cased, casing material, and casing thickness) on di-
rect energetic air emissions from munitions and contributions from the soil. 

• Additional testing should be conducted to evaluate metal air emissions from cased munitions. 
The results showing the fate of ordnance-specific metals should be further explored to under-
stand, for example, the fate and element-specific partitioning of Hf and Zr in the emissions. 
To avoid potential test to test carryover of metals, successive detonations should be carried 
out in distinctive sites with a consistent soil cover of known composition.  

The following suggested modifications to test and sampling methods are made based on field 
campaign work on WP-2233: 

• The success at maneuvering the aerostat into the plume via remote control winches can be 
improved by attaching a real-time camera feed on the aerostat.  

• Limited tests were conducted here for VOCs due to weight limitations on the sampling sys-
tem. Lighter systems can be designed for long-term, whole plume sampling.  

• Future methods to obtain PM emission factors should account for likely overload conditions 
on impactor plates through incorporation of a pre-impactor such as a cyclone. Additional test-
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ing with parallel PM samplers, one being a dedicated Total PM sampler, will be necessary to 
verify the methods combining PM2.5/10 impactors and Total PM measurements.  
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Appendix A: USEPA Quality Assurance Project Plan 
 

 



 

A-2 



 

A-3 



 

A-4 



 

A-5 

 

  



 

A-6 

 

  



 

A-7 

 

  



 

A-8 

.

 



 

A-9 

 



 

A-10 

 



 

A-11 

 

  



 

A-12 

 



 

A-13 

 

  



 

A-14 

 

  



 

A-15 

 



 

A-16 

 

  



 

A-17 

 

  



 

A-18 

 

  



 

A-19 

 

  



 

A-20 

 



 

A-21 

 



 

A-22 

 



 

A-23 

 
  



 

A-24 

 



 

A-25 

 
  



 

A-26 

 
  



 

A-27 



 

A-28 

  



 

A-29 

 
  



 

A-30 

 
  



 

A-31 

 
  



 

A-32 

 
  



 

A-33 

 
  



 

A-34 

 
  



 

A-35 

 
  



 

A-36 

 
  



 

A-37 

 
  



 

A-38 

 
  



 

A-39 

 
  



 

A-40 

 
  



 

A-41 

 
  



 

A-42 

 
  



 

A-43 

 
  



 

A-44 

 
  



 

A-45 

 
  



 

A-46 



 

B-1 
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Introduction 
 
This is an addendum to the QAPP entitled “Determination of Emission Factors from Open Burning and Open 
Detonation of Military Ordnance” allowing for additional work scheduled for Spring, 2011.   The Department 
of Defense’s Strategic Environmental Research and Development Program (SERDP) has awarded second year 
funding to further pursue development of methods for emission characterization of open burning of military 
propellants.  This additional work will focus on multiple propellant types whose composition varies from that 
of the first year propellant, M1.  Tests this year will develop and test additional methods of sampling to 
characterize these propellants and are based on input from the U.S. Army’s Defense Ammunition Center 
(DAC) and their advisors.  New target analytes this year will include perchlorate, chloride, and hydrogen 
chloride from Cl-containing propellants and additional metals (e.g., Ba) from other propellants.   In addition, 
repeat samples and analyses will be conducted to further develop these sampling methods.  All tests will be 
conducted at the Tooele (Utah) Army Depot test range, the site of the 2010 tests. 
 
This addendum is meant as an addition to the cited QAPP.  Differences in test materials, target analytes, 
sampling and analytical methods, and burn procedures are included. 
 
Schedule 
 

February 18, 2011 Draft QAPP Addendum submitted to EPA and to 
U.S. Army DAC 

March 4, 2011 QAPP Reviewed 
March 20, 2011 Team arrives in Tooele 
March 21 – April 8, 2011 Field Testing 
August, 2011 Draft report 
September, 2011 Final report 

 
 
Propellants  
 
Five Propellants will be tested by Open Burning (OB).  These propellants and their composition are listed in 
Table A1.  This table is an amendment to Table 3-1, “Composition of OB and OD Ordnance,” in the original 
QAPP.  These propellants were selected by the U.S. Army DAC with criterion of stockpile relevance, method 
gaps, and emission factor data gaps. Two propellants (of three currently listed) will be selected for their 
composition of ammonium perchlorate (over 65% by mass).  Their OB plumes will be sampled for 
perchlorate, HCl, and chloride salts.  Three propellants were also selected that represent single, double, and 
triple base compositions.  Two of these, M31A1E1 and SPCF, contain metals (barium and lead, respectively) 
which will enable testing of PM-based metal capture and detection.  Note: selection of the ammonium 
perchlorate propellants is not finalized; these three are examples of potential candidates.  At least two 
perchlorate-based propellants are targeted for testing. 
 
Charge sizes in 2011 will be increased to 200 lbs and will continue to be ignited in metal burn pans.  If 
meteorological conditions permit (e.g., wind speed and cloud cover), up to 300 lbs can be tested in a single 
charge.  The advantage of the larger charge size is the proportionately higher concentration of target 
analytes in the plume and the greater ease with which limits of detection can be exceeded. 
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Table A1.  Target Propellants.   

Propellant Name 
Propellant 
Descriptor 

Mass % 
Component, CAS #, Chemical formula**** 

M31A1E1 
Triple Base To be 

provided 
by DAC 

Nitrocellulose 
Nitroglycerin 
Nitroguanidine 

9004-70-0 
55-63-0 
556-88-7 

M26 

Double Base To be 
provided 
by DAC 

Nitrocellulose 
Nitroglycerin 
Barium nitrate 
Potassium nitrate 

9004-70-0 
55-63-0 
10022-31-8 
7757-79-1 

SPCF 
Single Base To be 

provided 
by DAC 

Nitrocellulose 
Lead carbonate 

9004-70-0 
598-63-0 

ANP-3196-1* 
Hawk 
Sustainer 

60-75 
15-20 

Ammonium Perchlorate (AP) 
Nitroguanidine 

7790-98-9 
556-88-7 

ANP-3146-1** 
Hawk 
Booster 

60-70 
15-20 

Ammonium Perchlorate (AP) 
Aluminum powder 
 

7790-98-9 
7429-90-5 

AnB-3745; ANB-
3748 (igniter)*** 

Atlas V 
Propellant 
and igniter 

67-70 
18-20 
0-1 
0-1 

Ammonium Perchorate (AP) 
Aluminum Powder 
Triphenyl Bismuth (TPB) 
Iron Oxide (in igniter) 

7790-98-9 
7429-90-5 
603-33-8 
1309-37-1 

* Information obtained from AEROJET MSDS NO. 501, Revision 5.   
** Information obtained from AEROJET MSDS NO. 500, Revision 3 
*** Information obtained from AEROJET MSDS NO. 13003, Revision 3 
****Composition of propellants limited to propellants, explosives, and pyrotechnic (PEP) materials and 
Metals 
 
 
Changes to the Flyer 
 
A number of advances were made to the sampling instrumentation package, or the “Flyer.”  Two Flyers now 
exist, “Orville” and “Wilbur.”  Both consist of a lightweight, aluminum frame structure which replaced the 
solid aluminum structure of the original Flyer.  Orville was outfitted with a telemetry system to transmit data 
to a handheld station.  Orville’s telemetry system enables the ground crew to monitor CO2 concentration, 
battery life, and pressure drop across a filter.  These data allow maximization of flight time and optimization 
of collection by avoiding premature battery changeouts or battery depletion and allowing for filter changes 
when plugged.  Orville was used in July 2010 when monitoring the in situ oil burns at the BP Gulf oil spill. 
 
Wilbur lofts a computer and control software in lieu of the telemetry system.   This computer enables data 
storage like the original Flyer but also allows the sampling to be controlled from the ground and allows the 
incorporation of multiple triggers.  These multiple triggers, for example, allow one to loft multiple summa 
canisters and trigger, or open, them at different CO2 concentrations.   
 
A number of other changes are included in both systems.  The Ni-Cd batteries were replaced with Li-ion.   
The 6 L summa canister was replaced with a lighter 1L canister.  The semivolatile blower was replaced with a 
unit that has about four times the flowrate of the old system, up to about 650 L/min.  An electrochemical 
cell for real time CO was added.  Continuous PM samplers and black carbon samplers are also optional.   
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New Target Analytes 
 
Section 3.2 “Analytes and Process Measurements” of the QAPP is amended to include additional analytes 
and their measurements as well as changes (shown in italics) in Table A2.  Emissions to be measured in 2011 
will include CO2, CO, PM10 and PM2.5, metals (e.g., Pb, Al, and Ba), VOCs, SVOCs, HCl, ClO4

-, and other 
chlorinated compounds. 
 
 

Table A2. Target compounds and sampling and analysis methods (new methods or 
changed methods in italics). 

Target 
Compound 

Sampling Method Sampling Rate Analysis 

VOCs TO-15 Summa 30 s (from 2-3 
L/min) GC/LRMS 

SVOCs TO-13, PUF/XAD-2/PUF 650 L/min (from 
200 L/min) GC/LRMS 

PM2.5 and PM10 Filter 10 L/min Analytical Balance 

HCl Alkali-impregnated filters, silica 
gel tubes  

2-4 L/min Ion chromatography 

Carbon monoxide EPA Method 25C chemical cell 150 mL/min GC 

 
 
 
Measurement Methods for New Target Analytes 
 
Perchlorate will be sampled using a modification of the method discussed in Lamm et al. (1999).  The 
method consists of sampling at a flowrate of 2 L/min through a 37 mm mixed cellulose ester (MCE) filter (0.8 
µm pore size) enclosed in a closed-face cassette (SKC Corporation).  Perchlorate salts are captured as a solid 
on the filter, which assumes no perchloric acid formation.  Cassette samples will be dissolved/extracted in 
water, an internal standard added, and then analyzed for perchlorate with LCMS and chloride with ion 
chromatography as per U.S. EPA SW-846 Method 6850.   Samples will be analyzed at Columbia Analytical 
Services (CAS, NY).   
 
The detection limit for perchlorate is cited as 0.004 µg/filter by CAS (NY).   For the purposes of determining 
required sampling volumes and times to reach perchlorate detection levels, we first assume 100% 
preservation of the original perchlorate composition as a best case boundary condition and dilution at the 
Flyer sampler at the ratio observed for C to CO2 during the 2010 tests.  Calculations were done using M7 
propellant, containing 8 weight percent potassium perchlorate, as this was indicated early on as a candidate 
for the testing.  The average 2010 sampled concentration of CO2 from M1 was 460 ppm (against a 
background of ~ 390 ppm) from a carbon fraction of 30 wt percent in the propellant.  From these ratios, the 
maximum possible concentration of perchlorate we can expect in the M7 plume would be 80 ppm (124 
mg/m3).  At a sampling rate of 2 L/min, we could expect to collect 0.25 mg/min.  When compared against a 
reported detection limit of 0.004 µg/filter, the required sampling time to reach detection is significantly less 
than 1 sec.  As of February 2011, the expected perchlorate propellants contain >60% ammonium 
perchlorate, considerably more than the M7 we used for these calculations. Even if only ca. 5% of the 
original perchlorate is released intact and is diluted to levels below 80 ppm in the plume, sampling for 
detectable perchlorate should be relatively fast. 
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The perchlorate may also degrade into chlorine which could react with alkaline earth metals, either within 
the propellant or entrained from the surrounding soil, to form a metal chloride.  Lindsay et al. (1999) noted 
that HCl could readily be absorbed by entrained soil as well as aluminum oxide from the propellant.  These 
metal chlorides will be captured on the initial perchlorate filter and analyzed by ion chromatography from 
the same filter.  
 
We also will sample for formation of HCl.  Methods for sampling HCl are primarily derived from those 
intended for sampling inhalable HCl to relate to exposure risk.  Silica gel collection methods such as NIOSH 
Method 7903 (NIOSH 1994) may undersample HCl mist, as particle size collection characteristics on the silica 
gel sorbent tube do not match the inhalable convention (Howe et al., 2006).   While there are considerable 
questions relating to the relevance of these methods to the inhalable particle/droplet size (Howe et al., 
2006), our effort is more concerned with complete capture and quantification.  HCl will be sampled in 
parallel using alkali-impregnated filters following the perchlorate filter  and silica gel tubes as per Lindsay et 
al. (1999).  HCl gas is expected to pass through the perchlorate/chloride filter and be adsorbed by a second, 
quartz filter coated with Na2CO3.  These coated filters are available in a cartridge from SKC Corporation.   Any 
hydrochloric acid transiently collected on the initial filter is expected to rapidly evaporate and be collected 
along with the gaseous HCl (Howe, et al. 2006).  This method, including a prefilter followed by a Na2CO3-
impregnated quartz filter, is consistent with a method from France (INRS, 2002), as cited in Howe et al. 
(2006).   
 
Numerous tests on the prefilter/ Na2CO3-impregnated quartz filter method were covered by Howe et al., 
(2006).  They examined pre-filter HCl vapor capture and breakthrough potential.  The former did not exceed 
0.4% and the latter were all non-detect after collection of 47 to 62 µg of chloride on the alkaline filters.  The 
pre-filter did have a propensity to collect significant HCl when doped with Fe, Fe2O3, or ZnO suggesting an 
underestimation of HCl from the Na2CO3-impregnated quartz filter alone when in the presence of 
propellants metals (e.g., Al from Atlas Igniter propellant) or plume-entrained soil.  The extent to which this 
may relate to our work is uncertain; the experiments of Howe et al. did not control for the amount of dopant 
on the filter. 
 
This filter will be analyzed for HCl by ion chromatography methods specified in EPA Method 26.  The limit of 
detection for this method is 4 µg/filter (CAS, NY).  Assuming that all of the M7 propellant’s perchlorate 
becomes HCl, and assuming a dilution ratio consistent with the 2010 dilution of CO2, we anticipate a 
maximum possible HCl concentration of 30 ppm or 45 mg/m3.  Lindsay et al. (1999) noted that their silica gel 
tube method did not detection gaseous HCl at levels above 6.5 mg/m3 (the background contamination level 
of the silica gel tubes).  At a sampling flowrate of 2 L/min, we will need 2.4 s to reach the 4 µg/filter level, 
assuming a concentration of 30 ppm HCl in the plume.  If our plume HCl concentration is actually seven 
times lower than 30 ppm, equivalent to the 6.5 mg/m3 background level noted by Lindsay et al., this will be 
compensated by the higher Cl concentration in our targeted propellants as compared to M7.  Nonetheless, 
we anticipate sampling for approximately 300 s (one day) to obtain a composite sample for HCl analysis. 
 
The perchlorate prefilter and Na2CO3 filter both will be analyzed for target analytes prior to sampling at 
Tooele in order to establish contamination levels.  Ambient air background levels will be determined for 
perchlorate, chloride, and HCl.  Moller and Acker (2007) found HCl concentration maxima around noon of 
0.1 µg/m3, dropping 10-fold at night.  They also found an average of 50% of  the total Cl  mass as gas-phase 
HCl. 
 
In 2010, only PM10 was collected for dust loading and metal analysis.  In 2011, PM2.5 and PM10 sampling will 
be performed simultaneously using two 47 mm tared Teflon filters each with a  SKC Leland Legacy sample 
pump with a constant airflow of 10 L/min. The internal flow sensor measures flow directly and acts as a 
secondary standard to constantly maintain the set flow. The volume display is continually updated, based on 
corrected flow rate multiplied by sampling time. The pump operation is controlled by  
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the CEM CO2 trigger circuit. The SKC Leland Legacy Sample pump will be calibrated before and after the 
sampling campaign, with a Gilibrator Air Flow Calibration System (Scientific Instruments), which is a 
primary standard airflow calibrator.  

PM will be measured gravimetrically as the difference between final and tare masses for each filter. The 
weighing of the filters will follow the procedures described in (40 CFR Part 50, 1987). Calibration for 
determining mass of conditioned media will be performed as described in Quality Assurance Guidance 
Document 2.12 (USEPA, 1998). The PM collected on Teflon filters will also be used to determine 
concentrations of target metals such as Pb and Al. EPA Compendium Method I0-3.3 (USEPA, 1999c) 
specifies the analysis by energy dispersive x-ray fluorescence spectrometry (EDXRF). This method is 
compatible with particulate on filters, is quite sensitive for metals, and is non-destructive. This means that 
the PM and substrate survive the analysis intact and may be archived or analyzed by other methods.  
Select PM samples from non-metal-containing propellants will be sampled for metals to determine 
whether the burn pans arere sources of residual metal carryover.   
 
Carbon monoxide will be sampled continuously using a semi-real time monitor.  An onboard CO sensor 
(Creative Solutions RCO1000) will measure CO concentration by means of an electrochemical cell through 
CO oxidation.  Output is linear from 0 to 1000 ppm at an operating RH range of 15-90%.  The RCO 1000 will 
be calibrated in the EPA Metrology Laboratory prior to departure at 0 to 100 ppm with +- 2 ppm error using 
EPA method 3A (2008).  CO measured by flow through chemical cell will be corroborated by the 
measurement of a sample taken from the Summa canister system and analyzed via gas chromatography. 
 
2010 Measurements 
 
Other measurements conducted in 2010, such as VOC analysis (e.g., benzene) and SVOC analysis (e.g., 
naphthalene) will be repeated in 2011 tests.   In general, emission factors determined in 2010 agreed well 
with published data.  Additional tests in 2011 will serve the primary purpose of defining the range and 
variability of the sampling/analytical methods.  These data will be useful if the DoD wishes to further 
establish methods that will be used in future regulatory- or permit-related testing. 
 
One change to the 2010 analyses will be the inclusion of additional semivolatiles including nitroaromatic 
energetics.  CAS (NY) will analyze for nitroglycerin (when present in the propellant) by high performance 
liquid chromatography (EPA Method 8332).   Nitrocellulose can be analyzed by a total nitrogen method, but 
is probably not sufficiently sensitive for our samples, so will not be targeted.  Additional commercial 
analytical sources are still being sought at the time of this writing.  EPA will analyze for nitroaromatics 
(nitrotoluene and nitrobenzene) and PAHs by a EPA Method 8270.  The method is modified by use of 
selective ion monitoring (SIM) with GC/LRMS  to get lower detection limits, inclusion of nitrotoluene as a 
target analyte, and adjustment of the extraction volumes or dilution of the extract to get concentrations 
inside the calibration range.  NitroPAHs will not be analyzed.   
 
 
Ash 
 

After each 6-pan burn series, the propellant ash will be collected and weighed.  Samples of ash will gathered 
from the burn pans for each propellant type and analyzed for original constituent metals such as Pb and Ba 
and residual energetics.  Non-Pb- and non-Ba-containing propellant ash will also be examined to ascertain 
the potential for carryover between propellants. Limited PM filters from non-metal-containing propellants 
will likewise be analyzed for metal carryover.   
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Test Matrix 

Our plan is to sample approximately 18 burns per day (three series of six pans with 200 lbs each), providing 
for 300+ seconds of sampling per day (the 2010 average was 17 sec per burn).  The order of the propellant 
testing is dependent on the arrival an availability of propellant at Tooele, which was still to be determined as 
of 3/12/2011.    Table 3-4 of the original QAPP is amended as follows: 
 

AP1, AP2 = ammonium  or potassium perchlorate (TBD)  #1, #2; NA = not applicable; SB = single base; DB = double base; TB = triple base; 
OD = open detonation. 

Cl Matrix for Each AP Propellant 
Four six-pan series will be tested for primary analytes (bold) and secondary analytes using the cartridge and 
silica methods in parallel as follows: 

 Cartridge Method Silica Method 
# pans, wt MCE filter H2SO4-treated 

filter 
Na2CO3-treated filter MCE filter Silica gel 

tube 
6* 200 lbs Perchlorate, 

chloride 
– HCl, perchlorate – HCl 

6* 200 lbs Perchlorate, 
chloride 

Cl2 HCl, perchlorate  Perchlorate, 
chloride 

HCl 

6* 200 lbs Perchlorate, 
chloride 

– HCl – HCl 

6* 200 lbs Perchlorate, 
chloride 

 HCl, HCl (2 filters in 
series) 

Perchlorate, 
chloride 

HCl 

 

Day 
Propellant Pans*Wt ClO4, Cl, HCl VOC, 

Summa  
Semi-volatiles, 

PUF/XAD-
2/PUF 

PM2.5, PM10, 
metals CO and CO2 

1 Type Series*pans* 
weight 

Field blank Field blank Field blank Field blank Background 
(upwind) 

Background 
(upwind, 
lofted) 

Background 
(upwind, 
lofted) 

Background 
(upwind, lofted) 

Background 
(upwind, lofted) 

Background 
(upwind, 
lofted) 

2, 3 AP1 2*6*200 lb  @ 12 Pans X @ 6 Pans X 

4*6*200 lb @ 6 Pans 
(see below) 

 X @ 6 Pans, PM2.5 
only 

X 

4, 5 SB 3*6*200 lb NA @ 12 Pans X @ 12 Pans X 

3*6*200 lb X 

6, 7 DB 3*6*200 lb NA @ 12 Pans X @ 12 Pans X 

DB 3*6*200 lb X 

8, 9 TB 3*6*200 lb NA @ 12 Pans X @ 12 Pans X 

TB 3*6*200 lb X 

10,1
1 

AP2 2*6*200 lb  @ 12 Pans X @ 6 Pans X 

4*6*200 lb @ 6 Pans 
(see below) 

 X @ 6 Pans, PM2.5 
only 

X 

12,1
3 

backup       

14 OD tests Trial survivability tests for aerostat with shrapnel detonations 

15  cleanup       
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The combination of these methods will allow us to compare the cartridge and silica methods for HCl 
(quantity and variance of data), determine perchlorate concentration and analyze for perchlorate vapor 
“slip” onto the Na2CO3 filter, evaluate chloride deposition on the MCE filter, look for HCl breakthrough, and 
evaluate the presence of Cl2.   
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Introduction 
 
This is an addendum to the QAPP entitled “Determination of Emission Factors from Open Burning and Open 
Detonation of Military Ordnance” relating to additional work scheduled for the Summer and Fall of 2011.   In 
2010 the Department of Defense’s Strategic Environmental Research and Development Program (SERDP) 
awarded second year funding to further pursue development of methods for emission characterization of 
open burning of military propellants.  This additional work focused on multiple propellant types including an 
ammonium perchlorate (AP) propellant with target analytes of perchlorate, chloride, and hydrogen chloride 
from the Cl-containing propellants.  Methods for sampling these Cl-based analytes were derived from indoor 
and personal sampling methods and were covered in a previous addendum dated April, 2011.  This field 
sampling was apparently successful, but the tests were limited in number.   Further, the potential for 
breakthrough of the analytes could not be assessed based on the setup used at Tooele.   The scope of this 
additional work relates to further testing of the same sampling methods detailed in Addendum #1.  This 
additional testing will allow methods development with parallel samplers, control of flow rates, sample size, 
and simultaneous methods evaluation.  The work on HCl testing will be done at the US EPA facilities at 
Research Triangle Park and the AP burns will be done at the U.S. Navy’s Naval Surface Warfare Center 
(NSWC) in Indian Head, Maryland.  The work at NSWC is being sponsored by the U.S. Army Defense 
Ammunition Center (DAC). 
 
 

Schedule 
 

June 24, 2011 Draft QAPP Addendum submitted to EPA with 
copies to U.S. Army DAC and NSWC 

July 1, 2011 QAPP reviewed and approved. 
July 12, 2011 HCl testing at RTP or AP testing at NSWC 
August 8 or 15, 2011 Alternate date for AP testing at NSWC 
October 7, 2011 Draft report/paper to DAC and to EPA review 
November 30, 2011 Final report/paper 

 
 

Method 

HCl Sampling 
Methods for sampling HCl are primarily derived from those intended for sampling inhalable HCl to relate to 
exposure risk.  Methods consist of a filter method (ISO Method 21438-2) and silica gel tube method (NIOSH 
1994).  Tests done with HCl at the EPA’s RTP laboratories will evaluate the sorptive capacity and 
breakthrough limits of an alkali-impregnated filter and silica gel methods. 
 
HCl will be sampled in parallel using 1) alkali-impregnated filters following a solid perchlorate filter  and 2) 
silica gel tubes as per Lindsay et al. (1999).  HCl gas is expected to pass through the first perchlorate/chloride 
filter and be adsorbed by a second, quartz filter coated with Na2CO3.  These coated filters are available in a 
cartridge from SKC Corporation.   Any hydrochloric acid transiently collected on the initial filter is expected to 
rapidly evaporate and be collected along with the gaseous HCl (Howe, et al. 2006).  This method, including 
the prefilter followed by a Na2CO3-impregnated quartz filter, is consistent with a method from France (INRS, 
2002), as cited in Howe et al. (2006) and became a European standard method 2009 (ISO Method 21438-2).    
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Silica gel collection methods such as NIOSH Method 7903 (NIOSH 1994) may undersample HCl mist, as 
particle size collection characteristics on the silica gel sorbent tube do not match the inhalable convention 
(Howe et al., 2006).   While there are considerable questions relating to the relevance of these methods to 
the inhalable particle/droplet size (Howe et al., 2006), our effort is more concerned with complete capture 
and quantification.   
 
The NIOSH silica gel tube method is written based on flowrates of 0.2-0.5 L/min.  Because of the brief time 
available to sample rocket plumes in the field, a faster volumetric sampling rate, up to 1.5 L/min, is desired.  
However, we need to test the breakthrough capacity in order to guard against falsely low measurements in 
the field.     
 
The work covered here will involve feeding known concentrations of HCl gas through the filter cassette (SKC 
model  225-9005) and silica gel tube while measuring breakthrough versus flowrate and concentration.  HCl 
gas will be metered via a mass flow controller and will target concentrations seen in the field during 
sampling (ca. 20 ppm).  Feed HCl gas will be monitored at the beginning of the test and exit gas will be 
monitored throughout the test with the Bodenseewerk analyzer.   These tests will determine the ability of 
the NIOSH method to extend to higher flowrates without breakthrough.  A few tests will be monitored with 
Draeger diffusion tubes (1.3 – 200 ppm) in anticipation of their use at subsequent Indian Head tests.  Test 
conditions are shown in the table below.   
 
Table 1. HCl test matrix (work done at RTP, NC). 

Method Flow rate 
(L/min) 

HCl concentrations 
(ppm) 

Time (min) 

ISO Method 21438-2, 
filter method 

4 N2 only 1 

 4 N2 only 5 
 4 < 20 1 
 4 < 20 5 
 4 50 1 
 4 50 5 
 10 N2 only 1 
 10 N2 only 5 
 10 < 20 1 
 10 < 20 5 
 10 50 1 
 10 50 5 
NIOSH Method 7903, 
silica gel tube method 

1.5 N2 only 1 

 1.5 N2 only 5 
 1.5 < 20 1 
 1.5 < 20 5 
 1.5 50 1 
 1.5 50 5 

   
 
Select filters may be analyzed for HCl by ion chromatography methods specified in EPA Method 26 as a 
check.  These analyses will likely be performed by CAS (NY) as with the Tooele Year 2 samples; their limit of 
detection for this method is 4 µg/filter.  
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Perchlorate, Chlorate, Chloride 
Sampling 
A single type of ammonium perchlorate (AP, over 65% by 
mass) propellant available at NSWC Indian Head will be 
tested in their facilities.  A small amount (5 to 25 g) of AP 
will be burned in an enclosed, vented hood (see photo).  
The hood is approximately 48 ft3 in size.  Its emissions are 
vented to the outside.  The emissions from the AP burn will 
be sampled by EPA with up to four samplers at once, testing 
the two different methods, the filter-based ISO method and the silica gel NIOSH method.  The ventilation 
rate of the hood will be reduced during the burns to increase the residence time of the AP gases within the 
hood, allowing for greater capture by the samplers.  The target analytes will include perchlorate, chlorate 
ion, HCl, and chloride salts.  The samplers will be those used in the April 2011 Tooele testing (Figure 1). 
 
 
 

 

 

Figure 1. Sampling apparati for HCl, perchlorate, and chlorate.  Method 1 (ISO 21438-2) followed by a second 
additional CO3 filter at the left and method 2 (NIOSH 7903), followed by a CO3 filter, at the right.  

 
Perchlorate will be sampled using a modification of the method discussed in Lamm et al. (1999).  The 
method consists of sampling at a flowrate of 2 L/min through a 37 mm mixed cellulose ester (MCE) filter (0.8 
µm pore size) enclosed in a closed-face cassette (SKC Corporation).  Perchlorate salts are captured as a solid 
on the filter, which assumes no perchloric acid formation.  Cassette samples will be dissolved/extracted in  

MCE filter

CO3 impregnated 
MCE filter

Inlet

Outlet

CO3 impregnated 
MCE filter

Inlet

Outlet

FilterSilicaMethod 1 Method 2 
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water, an internal standard added, and then analyzed for perchlorate with LCMS and for chloride with ion 
chromatography as per U.S. EPA SW-846 Method 6850.   Samples will be analyzed at Columbia Analytical 
Services (CAS, NY).   
 
The detection limit for perchlorate is cited as 0.004 µg/filter by CAS (NY).   For the purposes of determining 
required sampling volumes and times to reach perchlorate detection levels, we used the chlorate ion 
emission factor derived at Tooele 2011, 1.0 E-06 g/g ClO3-.  In order to reach 5 or 10 times the method 
reporting limit with a propellant size of 5 g we need to sample for 4 or 8 minutes, respectively, with a flow 
rate of 4 L/min.  Table 2 shows the test matrix including the similarly calculated sampling times to reach 5 or 
10 times the detection levels. 
 
We also will sample for formation of HCl using the filter and silica gel tube methods indicated above during 
the Indian Head tests.   HCl will be sampled in parallel using alkali-impregnated filters following the 
perchlorate filter  and silica gel tubes as per Lindsay et al. (1999).  HCl gas is expected to pass through the 
perchlorate/chloride filter and be adsorbed by a second, quartz filter coated with Na2CO3.  These coated 
filters are available in a cartridge from SKC Corporation.  This filter will be analyzed for HCl by ion 
chromatography methods specified in EPA Method 26. 
 
Ambient air background levels will be determined for perchlorate, chloride, and HCl.   
 
Table 2. Perchlorate, chlorate, and HCl Test Matrix 

Method Propellant 
amount (g) 

Flow rate 
(L/min) 

Time 
(min) 

X ClO4/3 
Det Limit 

Lamm et al. (1999) and   5 4 4 5 
ISO Method 21438-2 5 10 2 5 
 5 4 8 10 
 25 4 2 10 
 25 10 1 10 
 Background 4 60?  
 Background 10 60?  
NIOSH Method 7903 5 1.5 2 NA 
 25 1.5 1 NA 
 Background 1.5 60?  

Background sampling times to achieve the detection limit are unknown. 
NA = HCl values only can be determined. 
 
The combination of these methods will allow us to compare the cartridge and silica methods for HCl 
(quantity and variance of data), determine perchlorate concentration, analyze for perchlorate vapor “slip” 
onto the Na2CO3 filter, evaluate chloride deposition on the MCE filter, and look for HCl breakthrough.   
 
The sampling times in Table 2 rely on our preliminary emission factors determined at Tooele in 2011 and so 
assume that the small scale AP tests at Indian Head will yield Cl species in a proportionate manner.   Another 
confounding factor is the evacuation rate of the Indian Head chamber.   To guard against these unknowns, 
CO2 will also be monitored in the Indian Head chamber to monitor pollutant depletion using the same Li-
COR sampler as used at Tooele.  Further assurance of the target levels inside the chamber will be 
determined qualitatively by monitoring HCl using Draeger diffusion tubes.  The sampling times will be 
adjusted accordingly to achieve the desired ratio above the detection limit.    
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Introduction 
 

This is a third addendum to the QAPP entitled “Determination of Emission Factors from Open Burning and
 Open Detonation of Military Ordnance” allowing for additional work scheduled for summer, 2012. The first 
addendum accommodated testing in 2011 and the second further specified Cl species measurement meth-
ods in the 2011 plan. The Department of Defense’s Strategic Environmental Research and Development Pro-
gram (SERDP) has awarded third year funding in 2012 to further pursue development of methods for emis-
sion characterization of open burning and open detonation of military munitions. 

 
The objectives of this year’s project are to develop methods to measure emissions from uncased and 
cased ordnance detonations for determination of emissions factors: CO2, CO, PM10, PM2.5, TSP, metals, 
VOCs, and SVOCs as well as to determine the impact of soil coverage and degree of soil wetness on emis-
sions. Ordnance selection, soil coverage, soil wetness, and addition of measurements including Total Sus-
pended Particulate (TSP), energetics and their nitro-PAH byproducts, and continuous PM represent the 
departures from the original QAPP and its Addendums. 

 
The ordnance for this effort will include uncased and metal-encased munitions as well as follow-up work on 
2011 measurements of ammonium perchlorate (AP)-containing rockets. A further objective of this work is to 
determine the viability of the aerostat-based sampling method to successfully maneuver into, survive, and 
collect air emission samples from plumes potentially containing shrapnel from the casings and rock projec-
tiles from the surrounding soils. The project results will: (1) provide DoD with a tool and methodology to es-
timate air emissions from soil-covered detonations, (2) provide valuable insight into factors impacting air 
emissions from soil-covered detonations, (3) address Open Detonation (OD) emission factor data gaps,  and 
(4) provide initial scientific data to comply with environmental regulations and to proactively protect human 
health and the environment. 

 
Tests commencing in June 2012 will primarily measure emissions during soil covered detonations. The 
method used will be a minor adaption of that used in 2010 and 2011 campaigns to account for the exist-
ence of near source shrapnel that can puncture the aerostat. All tests will be conducted at the Tooele 
(Utah) Army Depot test range, the site of the 2010 and 2011 tests. 

 
Testing will include approximately 15 testing days and four munition types, including uncased, thick wall 
steel, thin wall steel, and AP-containing rocket motors and/or propellants (static fire and/or open 
burned propellant). The munitions will be buried to depths of 3 and 6 feet as well as covered with wet 
and dry soil. Charge size will comprise another test variable. These munition types were selected by the 
U.S. Army with criteria of ammunition stockpile quantity, the need for information on emission factors, 
and the presence of constituents in the ordnance for which emission data are needed. 
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Schedule 
 

April 30, 2012 Draft QAPP Addendum submitted to EPA QA and to U.S. Army DAC 
May 11, 2012 QAPP Review comments received 
May 30, 2012 QAPP comments addressed 
June 9, 2012, Saturday Team arrives in Tooele, UT 
June 11, 2012, Monday Arrival at TEAD installation, set up for testing in Tooele 
June 29, 2012, Friday Testing complete 
June 30, 2012, Saturday Team departs Utah 
October 28, 2012 Draft report to ERDC and DAC 
November 28, 2012 Draft report in to EPA QA 
December 28, 2012 Final report to SERDP 

DAC = Defense Ammunition Center 
TEAD = U.S. Army, Tooele Equipment Ammunition Division 

 
Personnel 
 
Personnel roles are mostly as previously described in the QAPP. EPA, NRC, and ORISE personnel will con-
duct the field sampling. ARCADIS personnel will provide logistical support, but no analytical support is envi-
sioned for this effort. Dennis Tabor (EPA) is in charge of the analytical measurements and quality assur-
ance. 
 
Test Materials 
 
Four Propellant, Explosive, and Pyrotechnic (PEP) materials, two AP propellants, and one AP rocket motor 
will be available for OD, Open Burning (OB) and static firing, respectively. These propellants and their com-
position are listed in Table 1. This table is a replacement for Table 3-1, “Composition of OB and OD Ord-
nance,” in the original QAPP. Note that the relevant elemental composition of the metal casings and the 
donor charges have not been included in Table 1. These data will be combined with Table 1 when provided 
by the U.S. Army. These PEP compounds were selected and ranked in priority by the U.S. Army’s Defense 
Ammunition Center (DAC) for this work because of the ammunition stockpile information, uncertainties 
and/or data quality issues associated with the EFs in the draft Chapter 16 OB/OD emission factor database, 
and uncertainties in the sampling methods.  Charge sizes in 2012 will be varied, with a maximum of 300 
lbs, pending acceptable meteorological conditions. It is anticipated that up to about two series of five det-
onation tests can be done per day. Two ammonium perchlorate (AP) propellants currently on site at TEAD 
will be burned in open pans and, if available, AP-containing rockets will be sampled under static fire condi-
tions at the Tooele Production Range. Data from these propellant tests will supplement initial data taken in 
2011. The plumes from the static firing of these rocket motors and/or AP propellant burns will be sampled 
for perchlorate, HCl, and chloride salts as well as other pollutants as per QAPP Addendum #2 and detailed 
in Table 4.  
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Table 1. Composition of the PEP Test Materials 

 
 

DODIC 

 
 

Description & (NSN) 

 
Casing 

Material 

Weight (%)  
NEW 
(lb)@

 

 
GWT 
(lb)  

RDX 
 

TNT 
 

HMX 
 

C 
 

Other 
 

AP 

 
None 

 
Comp B 

 
None 

 
60 

 
39 

 
- 

 
25.02 

 
-   

60 
 

60 

 
 

V453 

 
WHD GM MK90, H6 
fill, (1336003989993) 

 
Thick- 

wall steel 

 
 

45.1 

 
 

29.2 

 
 

- 

 
 

22.12 

 
 

Al:21 

  
 

65 

 
 

141 

 
 

V548 

 
WHD Section GM HE 
WAU-17B (Sparrow), 
(PBXN-3 fill), 
(1336011292305) 

 
Thick- 
wall 
steel 

 
 

0.32 

 
 

- 

 
 

85.67 

 
 

22.85 

 
Pb:0.0235, 
Si:Ca:trace 

  
 

35.43 

 
 

86.1 

 
 

K180 

 
M15 AT Mine, Comp B 
fill, 
(13450002851180) 

 
 

Thin-wall 
steel 

 
 

60.02 

 
 

38.95 

 
 

- 

 
 

25.01 

 
 

Pb:0.004, Cl, 
Sb, K, S 

  
 

22.78 

 
 

31.46 

 
ARC 

452A* 

 
Arcadene 

 
None 

 
- 

 
- 

 
- 

 
9.42 

Al:19, 
Cl:20.82, 

Fe:0.7 

 
69 

 
54 

 

 
ARC 
451* 

 
Arcadene 

 
None 

 
- 

 
- 

 
- 

 
9.69 

 
Al:19, 

Cl:20.82 

 
69 

 
54 

 

 
V890 

Propulsion Section GM 
WPU-5/B (ANP 3146-2 
and ANP 3196-1 
Propellants) 

 
None 

 
- 

 
- 

 
- 

 
12.25 

Al:5.88, 
Cl:19.81, 
Cu:0.41, 
Cr:0.34 

 
65.66 

 
96.52 

 
152.5 

* Information obtained from AEROJET MSDS 
@ Does not include donor. 
PEP = propellants, energetics, pyrotechnics 
NSN = NATO stock number 
NEW = net explosive weight 
GWT = gross weight 
DODIC = Department of Defense Identification Code 
V453 has a 9 lb shaped charge of 8.6 lbs Zr and 0.4 lbs Hf 
 

 
New Target Analytes, Methods, and Calibrations 

 
Emissions 
 
Analytes included in this amendment and specified in the original QAPP, Section 3.2 “Analytes and 
Process Measurements,” will include CO2; PM2.5; PM10; and VOCs, CO, and CO2 from SUMMA canis-
ters. Analytes also included in this work from QAPP addendum #2 will include HCl, chlorates, ammo-
nium perchlorate, and chlorides. New measurements for this Addendum (#3) include an increased 
focus on particles, the distribution of metal emissions through the particle sizes, and residual energet-
ics. Two methods of Total Suspended Particulate (TSP) measurement have been added by expanding 
the analytical methods for PM collected in the inertial impact samplers and semi-volatile filter. These 



 

D-6 

samples will provide information on the distribution of the PM and metals across particle-size catego-
ries of environmental interest (TSP, PM10, and PM2.5). The semivolatile method cited in the original 
QAPP will now focus entirely on energetics. It has been modified to exclude the post-filter PUF on the 
advice of DAC, as previous results have shown the energetics to principally particle-bound and this will 
afford a higher collection rate. 
 
Particulate Matter 
 
Addition of a dedicated particle size sampler for TSP and its sampling pump are weight-prohibitive. To ac-
commodate this constraint, one TSP measurement will be combined with those for PM2.5 and PM10. The 
TSP measurement will consist of the weight gain on a solid surface, circular disk. The candidate for these 
disks is the spacer that comes with the 37 mm filters. This disk will be placed on the impactor plate of the 
PM10 or PM2.5 cartridge; the weight gain of the disk and the downstream filter will amount to the TSP 
mass. This method is referenced in the manufacturer’s manual, SKC #38010.pdf, “Performance Profile,” 
and discussed face to face with SKC laboratory representatives at a recent conference, although the manual 
refers to this method for the application of TSP chemical analysis. To adapt this for gravimetric application, 
we’ll bypass the manual’s suggestion of a quartz or PTFE filter in favor of the 37 mm filter spacer. Filters 
have porous, non-smooth surfaces which can trap particles rather than acting as an impactor surface. The 
spacers, however, will provide a smooth surface enabling particle “bounce” without sacrificing the function 
of a solid impactor surface. 
 
In addition to the SKC cartridge modification, the 10”x 8” quartz filter on the energetics semi-volatile sampler 
will be preweighed in the field under ambient conditions on the day of use. After sampling it will be re-
weighed in the field laboratory, folded in half, placed within a doubled aluminum foil sleeve and shipped to 
ALS Labs (Kelso, WA) for energetics analysis. The weight gain on the filter will provide a check against the 
SKC TSP weight. ALS has advised that the filters do not need to be kept cool during shipment, consistent with 
the relatively non-volatile nature of the explosive. 
 
In addition to the TSP measurements, a continuous PM analyzer (DustTrak DRX Aerosol Monitor model 
#8533) will be employed. The instrument has the capability of simultaneous real time measurement (every 
second) of PM1, PM2.5, PM10 and Total PM. Concurrently, an enclosed, 37-mm pre-weighed filter cassette 
provides a simultaneous TSP gravimetric sample.  The total flow rate is 3 L/min where 1/3 of the flow rate is 
used for the continuous measurements and 2/3 is used for the gravimetric sample. A custom calibration of 
the DustTrak 8533 will be conducted as per manufacturer’s recommendations ( Appendix B of 
http://www.tsi.com/uploadedFiles/_Site_Root/Products/Literature/Manuals/8533-8534-DustTrak_DRX- 
6001898-web.pdf) using an external gravimetric sampling device. In our case, these external devices will be 
the PM2.5 and PM10 SKC cassettes. The mass concentration from this PM2.5 gravimetric measurement and 
the measured flowrate is compared to the 8533 measurement, creating a new photometric calibration fac-
tor, PCFNEW. This factor is applied to scale the real time data.   Similarly, use of an external gravimetric PM10 
impactor allows determination of a size calibration factor, SCF. A zero calibration will be performed before 
each day using a zero filter which comes with the DustTrak DRX and a flow calibration will performed before 
each day with a Gilibrator flowmeter, following procedures in Operation and Service Manual Model 
8533/8534 (P/N 6001898, Revision F, January 2011). The DustTrak inlet will be cleaned after each use/day by 
a cotton swab, and the internal filter will be replace when indicated by the main screen filter error indicator 
on the DustTrak. 
 
 

http://www.tsi.com/uploadedFiles/_Site_Root/Products/Literature/Manuals/8533%E2%80%908534%E2%80%90DustTrak_DRX%E2%80%90
http://www.tsi.com/uploadedFiles/_Site_Root/Products/Literature/Manuals/8533%E2%80%908534%E2%80%90DustTrak_DRX%E2%80%90
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Metals by Particle Size  

 
The TSP impaction plate and the PM10 and PM2.5 filters will be analyzed for metals listed in Table 9. Se-
lect filters only and select metals only will be analyzed, such that not all of the filters and all of the metals 
will be analyzed. The criteria for selection will be those filters and metals sufficient to establish reproduci-
bility of emission factors, those metals within the subject PEP/casing, and establishment of background 
metal concentrations from the Tooele soil. Analyses will be conducted via preparatory method 3050b and 
analytical method 6020 incorporating ICP/MS as in the original QAPP. The filters will be made of PTFE. Of 
particular note is the metal analysis for Zr and Hf with V453. V453 contains a 9.0 lb shaped charge com-
prised of a Zr/Hf alloy (8.6 lb Zr, 0.4 lb Hf), elements which are uncommon for ordnance and not expected 
in the TEAD test site soil, allowing for characterization of the percentage of the Zr/Hf alloy that enters the 
detonation plume.  For reference, Tritest, Inc. lists their Hf detection limit of 0.0025-0.0500 mg/kg for a 
0.5 g filter-bound sample. The filters and impactor plate will be subject to blank analyses. 
 
 

Energetics and Their Byproducts 
 

Additional new analytes this year include semi-volatiles of residual energetics and nitro-PAHs [Note, as of 
4/13/12 no lab had been found that could do the nitro-PAHs]. These will replace target semivolatile analytes 
of past years (e.g., naphthalene). These will be sampled as in the original QAPP using the large fan ( 1200 
L/min) to pull the plume exhaust through a large quartz filter but without a following sorbent. These proce-
dures are consistent with past energetic sampling at Dugway Proving Ground (U.S. Army, 1992) that reason 
minimal losses, if any, of volatile targets while maximizing sample volume. 
 
Target residual energetics will include: 
 

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, “HMX, ” CAS #2691-41-0 
Hexahydro-1,3,5-trinitro-1,3,5-triazine, “RDX,” CAS #121-82-4 
2,4,6-Trinitrotoluene, “2,4,6-TNT,” CAS #118-96-7 
Nitro-PAHs [see note above]. 
 
As mentioned above, the 10”x8” quartz filter will be preweighed in the field under ambient conditions on 
the day of use. After sampling it will be weighed in the field, folded in half, placed within an aluminum foil 
sleeve and shipped to ALS Labs (Kelso, WA). The analytical procedure to be followed is Method 8321 (alt-
hough the target analytes are those covered in Method 8330).  ALS Labs will remove the filter, fold it into 
thirds, roll it up, place it into a 40 mL glass vial, spike it with internal standards (1,3-dinitrobenzene-d4), add 
acetonitrile, agitate the vial, remove the acetonitrile, concentrate by nitrogen blowdown, dilute with acidi-
fied water for matrix matching, and then inject. The target compounds’ area will be analyzed with a combi-
nation instrument using both UV absorption detection and then a triple quad mass spectrometer. Com-
pounds at high concentration or low MS sensitivity are quantitated by UV and the remaining compounds 
are quantitated by MS/MS. The mass is then quantified using the response factor, and the measured target 
concentration in ratio with the known standard concentration. The residual extract will be returned to EPA 
labs and will be available for nitro-PAH analysis (pending identification of an analytical laboratory). 
 
Other Samples 
 
As in the original QAPP, background air samples will establish levels of targets including energetics, 
PM, carbon, and nitro-PAHs (pending identification of an analytical laboratory).  
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Soil  
 
Sampling of soil is being added to this year’s QAPP. Soil sampling will be conducted both before the onset 
of detonations, in the middle of the project, and after the conclusion of the project’s sampling. The pur-
pose of soil sampling is to provide background concentration levels of target analytes to compare with 
emission sampling. In this manner, the contribution of residual energetics and metals in the soil to that of 
the emissions can be assessed. 
 
Metals and energetic concentration in the soil (mass target/mass soil) will be compared to their counter-
parts sampled at the Flyer. A concentration ratio between both will determine the level of contribution of 
the contaminated soil to that of the Flyer sample. If the Flyer to soil ratio is high, it can be concluded that 
the soil’s prior contamination provides minimal input into the emissions. Conversely, a low ratio indicates 
that the soil’s contamination contributes substantially to the observed concentrations in the emissions.  
While the emission values could be corrected for the contribution of the soil contamination, it’s not envi-
sioned that the number of planned replicates will provide sufficient confidence in this analysis. 
 
The soil sampling method was derived from a QAPP to determine soil nitrogen from a highly spatially and 
temporally variable agricultural field after fertilization (Walker et. al, 2006) with consideration of standard 
operating procedures for range sampling (Appendix A of Hewitt et. al, 2007). Soil samples (0 – 15 cm 
depth) will be gathered using standard techniques (Walker et. al, 2006) from random locations along tran-
sects extending to the north, east, south, and west of the center of the detonation area. Transects will be 
flag- marked. Transect lengths will be approximately 100 m in length from the centerpoint. Five (5) sam-
ples will be taken from 1 m2 areas along these transects prior to campaign detonations, five (5) during the 
campaign, and five (5) after completion of the campaign. For each of the five locations, triplicate samples 
will be taken within a 1 m2  area via a 5 cm coring device at each location and composited within a plastic 
bag to form a single sample. Two people will do the sampling, one to do the coring, the other to hold the 
polyethylene zipper bag. Sample size will be determined through consultation with the laboratory as will 
the mixing, coning, and quartering to produce a homogeneous sample for analysis. 
 
Two samples from each composite 5-sample survey (before, during, and after detonations, total 6) will 
undergo energetic and metal analysis. Samples will be analyzed for metals (Zr, Hf, Al, Fe, Bi, Mn) using 
U.S. EPA Compendium Method IO 3.4 (1999) acid digestion followed by ICP, Method 200.7, and energet-
ics as per Section 11.1.4 of Method 8330A for nitroaromatics using 
(http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/8330a.pdf).  Additional soil-specific constit-
uent metals will include Si, Na, Ca, and Mg in an attempt to distinguish soil mass from energetic mass. 
 
This limited soil sampling plan may prove insufficient to fully characterize the very heterogeneous nature of 
the soil contamination at Tooele. The site has been subject to recent earth-moving in preparation for this 
testing, including construction of a natural berm. In addition, the testing itself may gradually contribute to 
soil contamination throughout the course of the campaign. These soil results will be complemented by col-
lected PM analyses during the Comp B testing. As Comp B has no metals, the only metals present will in-
clude those from the surrounding soil. Together, the soil samples and the Comp B analyses will provide an 
assessment of the anticipated soil contribution to subsequent testing and will provide information on the 
efficacy of soil sampling in future efforts to characterize soil contributions. 

 
Test Procedures 
 
All encased munitions (that is, all munitions except for Comp B and AP) will be detonated with either 3 ft or 
6 ft of soil cover. Munitions will be placed in 3-ft holes and covered to ground level (soil cover “3” ft under-

http://www.epa.gov/osw/hazard/testmethods/sw846/pdfs/8330a.pdf)
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ground, see Table 2). Whether these are placed on the ground surface and then covered with soil or placed 
in 3 to 6 ft holes with soil cover totaling 6 ft (“6”) as per hole of desired depth is a matter to be determined 
by experts at TEAD.   Comp B, which is comprised of some of the same energetics in the encased munitions, 
will also be detonated at ground level and under 6 feet of cover to understand the emissions from an un-
cased munition.  An additional variable for limited tests, pending available time, will be the presence of a 
wetted soil cover. A known amount of water (or flow rate and time) will be sprayed atop the soil cover.  
This procedure and operation will be planned and conducted by TEAD and will be based on procedures 
used at TEAD or other installations. Further, placement and ignition of the HE test items are the sole re-
sponsibility of the Tooele facility. 
 
The first day on-site will include unsampled trial detonations of each ordnance type to observe plume be-
havior including height and shrapnel/rock throw. Smoke grenades and small balloons will also provide visu-
al evidence of both ground and aloft winds, respectively. Likely a small (5’ diameter), “sacrificial” balloon 
will be lofted to determine distance versus shrapnel hazard. Soil samples will be collected before these trial 
detonations to determine background concentrations in the soil. These tests will be observed, photo-
graphed, and video recorded to provide a basis for initial placement of the aerostat and ATV-mounted 
winches during actual testing. 
 
Detonation plumes will be sampled as in the original QAPP by downwind pre-positioning of the aero-
stat/Flyer and then repositioning based on plume direction.  Smoke grenades and small balloons will also 
provide visual evidence of both ground and aloft winds, respectively. The small balloons will be filled to vary-
ing amounts with helium to achieve observations of winds throughout a vertical transect. The initial down-
wind position will be extreme to limit the chance of shrapnel damage. With experience, the downwind dis-
tance may be shortened. Movement of the aerostat after the detonation will be accomplished by aid of 
line-of-sight, radio-controlled winches mounted on each ATV.  These radio controlled winches have been 
tested to a distance of 2500 ft. These winches can be controlled simultaneously by the aerostat pilot. Posi-
tioning of the plume and aerostat is accomplished by both the pilot and an observer, both in radio commu-
nication and orthogonal to each other. This year a third, remote-controlled winch and tether system will be 
added to maximize our ability to adjust the aerostat orientation during plume flow. This third winch will al-
low for vertical adjustments deviating from the plane created by the balance of the aerostat’s loft and the 
pull of the two tethers. This will change the possible range of aerostat positions from a 2D triangle to a 3D 
cone. Personnel will evacuate the detonation area to a location and distance at the direction of TEAD staff. 
 
Exceeding sampling and analytical detection limits is a conundrum for processes in which the emission fac-
tors are absent or of considerable uncertainty. To understand the sampling parameters (volume, time, 
mass) necessary for energetic sampling and analysis, a range of published emission factors were coupled to 
the probability of sampling success and analytical laboratory detection limits. Estimates of the maximum 
and minimum quantities of energetics in the plume that can be sampled were derived by multiplying the 
detonation mass by the minimum and maximum EFs in Table 1 (Summary Statistics for OD Emission Data 
Sets) in Recommended EFs for Estimating the Air Emissions for OB and OD, March 31, 2011. It was as-
sumed that the range in possible emissions covered both surface and buried detonation events. (There are 
no EFs for PM-2.5 or TSP.). The sampling success rate was taken from the carbon collection efficiency dur-
ing the sparrow rocket motor firing in 2011, deemed the most comparative sampling scenario. The carbon 
collection efficiency was 0.043% (0.05 g C sampled by the Flyer out of 10.6 lbs C in the sparrow propellant). 
Multiplication of the carbon collection efficiency by the maximum and minimum anticipated detonation 
mass yields the high and low of anticipated analyte collection. These values were then compared against 
the laboratory’s detection limit to understand the probability of sampling success. ALS (Kelso, WA) indi-
cates that their detection limit is 10 ng/sample for TNT. This DL will be about 5 to 15 times more sensitive 
than the existing, estimated maximum emission factor, subject to the assumptions regarding sampling effi-
ciency noted above. The carbon collection efficiency can be monitored and calculated in the field and will 
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Test 
Item1

 

 
 

Total 
Number 

of 
Det'ns 

 
Total 

Number 
of Items 
in Each 

Det. 
Pile 

 
 

Det'n 
Pile 

NEW 
(lb) 

 
 

Soil 
Cover 

(ft) 

 
PM & Metals by 

Filter 

 
PM-1, - 

2.5, - 
10, -Tot 
by CEM 

 
 

Energetics 
& Ni-
tro- 

PAHs 

CO, 

VOCs 
by 

Canister 

 
 

CO2 
by 

CEM TSP/PM- 
10  + 

Metals 

TSP/PM- 
2.5    + 
Metals 

 
 
 

Comp B 
@ 60 

lbs 

4 5 300 0 1 1 1 0 1 1 
4 2 120 0 1 1 1 1 1 1 
4 5 300 0 1 1 1 0 1 1 
4 2 120 3 1 1 1 1 1 1 
4 5 300 3 1 1 1 0 1 1 
4 5 300 6 (dry) 1 1 1 1 1 1 
4 2 120 6 (dry) 1 1 1 0 1 1 

 
 

V453 
@65 
lbs 

4 3 195 6 (dry) 1 1 1 0 1 1 
4 5 325 6 (dry) 1 1 1 1 1 1 
4 3 195 3 1 1 1 0 1 1 
4 4 260 3 1 0 1 1 1 1 
4 3 195 6 (dry) 1 1 1 1 1 1 
4 5 325 6 (dry) 1 1 1 1 1 1 

 
V548 
@ 35 

lbs 

4 3 106 3 1 1 1 1 1 1 
4 8 280 3 1 1 1 1 1 1 
4 3 106 6 (dry) 1 1 1 1 1 1 
4 9 320 6 (dry) 1 0 1 1 1 1 

K180 
(tank 
mine) 

4 5 114 3 1 1 1 1 1 1 

4 13 292 3 1 1 1 0 1 1 

Comp 
B 

4 5 300 6 (wet) 1 1 1 0 1 1 
4 5 300 6 (wet) 1 1 1 1 1 1 

 
K180 

4 5 114 3 1 1 1 1 1 1 
4 13 292 3 1 0 1 1 1 1 

 

assist in determining each day whether additional sampling is necessary to meet or exceed the 2011 prec-
edent. 

 
Table 2. OD Test Matrix and Analytes 

 
 

CO2, 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note 1. This is sampling matrix is in a suggested order which may be modified based on local 
considerations such as ordnance availability, initialization charge availability, and the Produc-
tion Range availability for AP rocket motor testing.  The priorities for sampling are sufficient 
replicates and cover depths to characterize an ordnance type. If necessary, composite sam-
ples with varying charge size can be obtained. 
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Test Procedures – Ammonium Perchlorate-Containing Propellants: Static and 
Pan Fires  
 
As in 2011, sampling of ammonium perchlorate-containing rockets will follow procedures as in Amendment 
#1 with the exclusion of SVOC sampling. Three series of 8 to 10 rockets will be targeted for sampling as per 
Table 3 over two days. If weather or circumstances prevent sampling of static fires, pan burns of AP propel-
lant will be undertaken as per the original QAPP procedures for open burning of propellant. Pending the loft 
capacity of the aerostat, the PM10 pump and filter as well as the VOC SUMMA canister will be removed to al-
low for simultaneous HCl method pump sampling. 

 
 
 

Table 3.  Type and Number of Samples for AP Fires. 

 Sparrow Rockets Open Burning 

Target Analyte Series 1* Series 2Series 3                   Series 4#                             Series 5                   Series 6 

CO2 continuous                 X X                            X                              X                                X                             X  

PM continuous                X  X                           X                             X                                X                              X  

PM2.5, 10, TSP                    X                        X                       X                              X                               X                              X  

Metals on TSP             X                      X                           X                              X                                X                            X  

Filter Method, ISO 21438-2 

Chlorides from PM            X            X  X X                         X                       X 

HCl   X X X                      X   X   X 

Perchlorate X X X X X   X 

Chlorate  X  X  X X X  X 
 
Silica Method, NIOSH 903 
 
Chlorides from PM X    X 

 HCl X    X 

*Each series is assumed to consist of 8 or more 
rockets. 
#Each series is assumed to consist of multiple pan burns with charge sizes in multiples of 
54 lbs. 
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Data Quality Indicators 
 

Section 5, Quality Assurance, Quality Control of the original QAPP is amended with Table 4 below. 
 

 
Table 4. New Analyte Data Quality Indicators 

 

Measurement Parameter Analysis Method Recovery/Accuracy Detection 
Limit 

Completeness 
% 

 
RDX, HMX, TNT Method 8321, Filter extraction 

w/ acetonitrile, acidified water, 
HPLC/UV and HPLC/MS/MS 

 
Not Available 

 
10 ng/sample 

 
75% 

 
Metals 

(Al, Hf, Mn, Fe, Zr, Bi) 

Method IO 3.4 (1999) acid 
digestion followed by ICP, 

Method 200.7 

 
80-120% recovery 

 
0.02-5 mg/kg1

 

 
75% 

Nitro-PAHs TBD TBD TBD 75% 
 

TSP 
Gravimetric, Method in App. B 

of 40 CFR 50 
Precision is 2 SDs of 
a triplicate weight 

 
10 µg 

 
90% 

 
1the detection limit is dependent on the target compound and the weight of the filter. 

 

Calculations and Data Presentation 
 
Emission factors will be the primary output of this work. The carbon balance method will be used to de-
termine emission factors. Emission factor data will be calculated using the compositional data provided 
in Tables 1-2.  Tables 6-14 below provide the template for data reporting. 

 
Table 5. Sampling Success. 
 HE 

#1 
 

HE #2 
 

HE #3 
 

HE #4 
AP- 
static 

AP- 
OB 

No. of detonations       
No. of hits       
Hits (%)       
Avg Sampling time (s)       
ΔCO2 (ppm)       

 
Table 6. VOC Results 

 HE #1 to #4, AP 
#1 to #2* 

 Avg N SD 

ΔCO2 (ppm)    
ΔCO (ppm)    
Benzene (lb/lb C)    
Toluene (lb/lb C)    
Ethylbenzene (lb/lb 
C) 

   

Xylene (lb/lb C)    
Etc.    

*VOCs for AP are dependent on the payload capacity 
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Table 7. SVOC Results, Emissions 

 HE #1 to #4, 

 Avg N SD 

ΔCO2 (ppm)    
RDX (lb/lb C)    
TNT (lb/lb C)    
HMX (lb/lb C)    
NitroPAHs (lb/lb C)    
 

Table 8. PM Results 

 HE #1 to #4, AP #1 
to #2 

 Avg N SD 

PM2.5 (lb/lb NEW)    
PM10 (lb/lb NEW)    
PreImpactor (lb/lb 
NEW) 

   

TSP (lb/lb NEW)    
 

Table 9. Metal Results, Emissions 

  PM2.5 (lb/lb metal) 

HE #1 to #4, AP #1 to #2  C Al Hf Zr Fe Mn Bi 

 Avg        
 N        
 SD        
  PM10 (lb/lb metal) 

  C Al Hf Zr Fe Mn Bi 

 Avg        
 N        
 SD        
  TSP (lb/lb metal) 

  C Al Hf Zr Fe Mn Bi 

 Avg        
 N        
 SD        

 
Table 10. HCl, particulate chlorides, perchlorate, and chlorate concentrations from AP #1 and #2 

 
 

Sampling method 

 PM 
Chlorides 
(mg/m3) 

 
HCl 
(mg/m3) 

 
HCl 
(ppm) 

 
ClO4- 
(mg/m3) 

 
ClO3- 
(mg/m3) 

Filter, ISO 21438-2 Avg      
 N      
 SD      

Silica, NIOSH 7903 Avg      
 N      
 SD      

MRL       
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Table 11. HCl, perchlorate, and chlorate emission factors from AP#1 and #2 

Sampling method  HCl ClO4- ClO3- 

Filter, ISO 21438-2 (lb/lb NEW) Avg    
 N    
 SD    

Filter, ISO 21438-2 (lb/lb Cl) Avg    
 N    
 SD    

Silica, NIOSH 7903 (lb/lb NEW) Avg    
 N    
 SD    

Silica, NIOSH 7903 (lb/lb Cl) Avg    
 N    
 SD    

 

Table 12. SVOC Results, Soil (wt %) 

  RDX TNT HMX NitroPAHs 
 
 
 

Pre-, During, and Post- 
Detonation Samples 

Avg     
N     
SD     
SD     

 
Table 13. Metal Results, Soil (wt %) 
 
  Carbon Al Hf Zr Fe Mn Bi 

Pre-, 
During, 

and Post 
Detonatio 
n Samples 

Avg        

N        
SD        
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1.   Project Description and Objectives 
 
 
 

This is a QAPP addendum (#4) for measurements intended to provide initial verification of  
OBODM (Open Burn Open Detonation Model), a dispersion model used to predict down-
wind concentrations of pollutants from open burning and open detonation of obsolete and 
hazardous military munitions.  This addendum adds additional aerostat- and ground-based 
meteorological measurements which will be compared with predictions from OBODM.  
These measurements are part of the larger project, “Determination of Emission Factors from 
Open Burning and Open Detonation of Military Ordnance” approved ca. March 2010. 

 
1.1  Project Description and Objectives 
OBODM is used by DoD to initiate prediction of downwind pollutant dispersion and depo-
sition from ordnance disposal operations. These resultant predictions are used to determine 
Health Risk Assessments for the disposal facility during the environmental permitting pro-
cess.  OBODM (1) predicts plume height and diameter, taking into account plume rise due 
to the intense energy released by the propellants and explosives within the munition, as 
well as point concentrations versus downwind position in x,y,z coordinates. Output data 
from OBODM are used in other models, such as AERMOD, to more fully predict down-
wind concentrations, pollutant dispersion, and deposition.   AERMOD is a relatively new 
model which takes into account wet and dry deposition, as well as terrain and meteorology, 
predicting human and ecological exposure.   However, the OBODM predictions have not 
been validated by near source, aerial sampling. 
 
Under an ORD/OSIM funded project through EPA’s National Computer Center (Heidi 
Paulsen, STOCOR) with Lockheed Martin has unearthed and resuscitated the original 
Fortran code in OBODM and made it usable on current computational platforms. Addi-
tionally, the source code has been edited and recompiled (see section 3.1) to provide time 
series concentration data at specific downwind positions for comparison with experimental 
data. 
 
In this QA Addendum, we propose to compare OBODM concentration predictions of CO2 
with actual aerial measurements.  CO2 will be used as a surrogate for all pollutants from 
the detonations, as CO2 is easily measured in real time. Use of aerial sampling methods to 
determine pollutant concentrations have been demonstrated at two field campaigns in 2010 
and 2011 at the Tooele Depot.  OBODM predictions will be compared with measurements 
from the aerostat’s Flyer. 
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2.   Project Organization and Responsibilities 
 
2.1  Personnel 
Dr. Brian Gullett, the EPA principal investigator, has overall project responsibility in-
cluding data quality and personnel safety.  Dr. Johanna Aurell, an NRC post doctoral re-
searcher, has responsibility for the technical data collection and data analysis.  Mr. Chris 
Pressley, EPA electronics technician, has responsibility for the field power and electron-
ics functioning.  Dr. Will Stevens, ORISE post doctoral researcher, will develop and 
manage the interface software as well as coordinate ground and aerostat based meteoro-
logical measurements.  Matt Freeman, a contractor for Lockheed-Martin will assist with 
OBODM model predictions through EPA project officer Heidi Paulsen. Aerial opera-
tions will be headed by Mr. Robert Gribble, ISSI, Inc., through a directly funded effort 
by Strategic Environmental Research and Development Program (SERDP). Mr. Ryan 
William, U.S. Army Defense Ammunition Center (DAC), as the main data user, serves 
as the DoD coordinator and project overseer. 
 
2.2  Project Schedule 
 
Table 2- 1 Project Schedule 

Date Task 
Monday, May 25, 2011 Completion of QAPP to allow field measurements 
Monday, June 11, 2011 Field Tests commence 
Friday June 29, 2011 Field  tests are completed 
Friday July 27, 2011 Real-time data are analyzed and reduced. 

 
 

3.   Testing overview 
 

3.1  Descripiton of OBODM Modifications 
This section describes modifications made to the OBODM model for the purpose of 
computing average concentrations over a user-specified time interval. The original 
OBODM source code was downloaded from the EPA’s atmospheric modeling website: 
http://www.epa.gov/scram001/dispersion_alt.htm 
 
3.1.1  Original OBODM calculations 
The dosage D at an arbitrary (x,y,z) location is calculated in OBODM by integrating the 
concentration function,      over a specified time interval : 

 
 

  (3-1)  

http://www.epa.gov/scram001/dispersion_alt.htm
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The average concentration over the same time interval is simply the dosage divided by the 
integration time: 
 

 (3-2) 
 
 

 
In the original code, the user could not control the integration limits, making it difficult to 
compare the OBODM results to concentration time histories measured in the field. Instead, 
the limits were automatically computed as follows: 

 
 

t1  = x − 2.45 σ x 

   u (3-3) 
 
 

  (3-4) 
 
 

where ū is the mean wind speed and σχ is the along-wind dispersion coefficient. 
 
3.1.2  Modified OBODM calculations 
The code was modified so that the integral limits t1and t2 can be arbitrarily specified by the 
user in the OBODM input file (*.INP). The text output of the code was also modified to ver-
ify that the limits were applied correctly. The following table shows a list of the FORTRAN 
files that were modified, and a short summary of the modifications:  
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Table 3- 1 Modifications to original OBODM FORTRAN code. 
 

File Modification 
OBODM.FOR Declare and initialize new variables: 

 
double precision mjf_dosage_t1, mjf_dosage_t2 
common mjf_dosage_t1, mjf_dosage_t2 
mjf_dosage_t1 = 0.0 
mjf_dosage_t2 = 5.0 

RINDA.FOR Read integral limits from input file: 
 
common mjf_dosage_t1, mjf_dosage_t2 
READ (igtfil,*) mjf_dosage_t1, mjf_dosage_t2 

RMDLB.FOR Set existing integral limits (ts, te) to user-specified values, and write 
them to the output file: 

 
common mjf_dosage_t1, mjf_dosage_t2 
ts = mjf_dosage_t1 
te = mjf_dosage_t2 
write(iotfil,8891) ts 
8891 format ('MJF ts = ', e15.7) 
write(iotfil,8892) te 
8892 format ('MJF te = ', e15.7) 

 
The code was recompiled with MS-FORTRAN 5.1, which is the same compiler that was 
used to compile the original code. The new code was tested to ensure that the modifica-
tions did not affect the dosage results compared to the unmodified version. This was ac-
complished by manually computing the integral limits using the equations given above, 
and passing them into the modified code. The computed dosages in both the modified and 
unmodified versions of the code were found to be identical. 
 
3.1.3  PROCEDURES FOR EXECUTING MODIFIED OBODM 

1.) Input files for Modified OBODM are identical to input files for the original model 
with the exception that the first line contains two integer values corresponding to t1 
and t2 separated by a space. 

2.) Modified OBODM must be executed using the batch file interface.  Batch files con-
sist only of the filenames of each input file to be executed. Filenames must consist 
of 8 characters followed by a ‘.’ and a file extension of 3 characters.  The batch file 
format is such that one filename is on a line.  Each line containing a filename is 
separated by 4 blank lines. 

 
 file001.inp 
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file002.inp 
 
 
 
 

… 
 

 
 
 

File00n.inp 
 

3.) The interface for modified OBODM is identical to the original. Batch files are 
executed by entering the batch file name and extension into the input file field in 
OBODM preceded by a ‘=’ character. 

 
4.) Output files from modified OBODM are identical to the original. 

 
3.2  Experimental Design 
The purpose of this work is to assess OBODM output predictions of downwind characteris-
tics of plumes (height, diameter, and CO2 concentration) generated from the combustion of 
propellants and detonation of explosives with corresponding field measurements.   Field 
measurements will fall into two categories, meteorological measurements for model input 
and pollutant concentration measurements for comparison with model output. 
 
Plumes will be sampled/measured from two different ordnance type scenarios.  These sce-
narios are described more fully in Addendum 3 of this QAPP.  The first of these scenarios 
is that of static firing of ammonium perchlorate-containing rocket motors at the Tooele 
Production Site, as was done in the 2011 campaign.  At least 30 of these motors are be-
lieved available for static firing, pending appropriate timing and meteorological conditions. 
The second scenario is open burning of ammonium perchlorate propellant at the Tooele 
Test Site, as was done in the 2010 and 2011 campaigns.  Approximately six burns are 
planned.  A potential third and last scenario would involve plume sampling/modeling from 
the open detonation of Comp B.  This scenario is more difficult due to standoff require-
ments and the potential for rock throw, but will be considered if the other two scenarios 
prove unlikely or insufficient. 
 
Aerostat-based pollutant measurements will be made as in the main QAPP (“Determina-
tion of Emission Factors from Open Burning and Open Detonation of Military Ord-
nance”) and its Addendums (#1-3) .   A simultaneous measurement with a second aero-
stat will include GPS and CO2 concentration measurements, thus providing two down-
wind reference points from which to verify the OBODM predictions.   The second aero-
stat will be positioned nominally downwind of the source and downwind of the primary 
aerostat.  It will be unable to be moved during the plume generation.  If possible, a third 
aerostat will be lofted for additional simultaneous data of CO2 and position.  Assuming 
minimal or no wind shifts and a reasonably sufficient initial height for the pre-positioned 
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second aerostat, the system will capture the plume and record CO2 concentration and 
GPS position.   Concurrent measurements of meteorological values will provide input da-
ta for running the model and will be acquired from the ground, a 10 m mast, and on 
board the aerostat(s). 
 
Output from the OBODM can be acquired using different complexity levels of meteoro-
logical data input.  At the lowest level of complexity, only the Pasquill stability class and 
10 m wind velocity are required to generate output. All other input parameters are esti-
mated from these values and default parameters.  The model is presumably more accurate 
when empirically derived values for turbulent intensity and mixing layer depth are used 
rather than those estimated from the Pasquill stability class by OBODM.  The level of in-
put (and the associated level of effort) should therefore be related to the quality of 
OBODM output.  However, some inputs are prohibitive to measure and may not be pos-
sible to acquire for all OBODM users. Because of this, different outputs from OBODM 
will be generated using different levels of input in order to determine critical measure-
ments for reliable output from the OBODM. 

 
Online measurements will be used for all measurement in this study.  GPS position, ve-
locity, aerostat orientation, aerostat based wind velocities, and 10 m wind velocities will 
be acquired at a rate of at least 10 Hz.   CO2 measurements are limited to 1 s intervals as 
determined by the manufacturer’s control software.  Solar radiance and relative hu-
midity will be logged at least hourly. 
 
3.3  Process measurements 
3.3.1  GPS position, velocity, and orientation 
The aerostat’s GPS position, elevation, acceleration, rotational velocity, linear velocity, 
and orientation data will be logged serially at 10 Hz using the onboard PC and the Xsens 
MTiG®. The MTi-G is a GPS-enabled attitude heading and reference system integrated 
with an inertial measurement unit.  MTi-G data will be used to determine the GPS coordi-
nates of the downwind sampler to within 5 cm.  These data will be used to determine the 
flyer’s x,y,z distance downwind of the source. Additionally motion data such as velocities 
and orientation data will be used to correct lofted sonic anemometer data for aerostat mo-
tion. 
 
3.3.2  10 m Wind Velocity data 
10 m wind velocity data will be acquired using an R.M. Young 8100 3D sonic anemome-
ter mounted to a 10 m mast.  This anemometer measures 3D wind velocity and speed of 
sound based on the transit time of ultrasonic acoustic signals. Data will be logged seri-
ally using a laptop PC. 
 
3.3.3  Motion corrected Aerostat based Wind Velocity data 
An R.M. Young 81000 3D sonic anemometer will also be affixed to the Flyer instrument 
pack.  The anemometer will be equipped with an integrated GPS and Inertial Measurement 
Unit (IMU) with a Navigation and Attitude and Heading Reference System (AHRS) pro-
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cessor, which measures 3D orientation data, velocity, and rotation data. These data can be 
used to correct the sonic anemometer for aerostat motion.  This procedure has been dis-
cussed in detail in the QAPP titled Aerostat based measurements of biomass burning (ca. 
January, 2011). 

 
Aerostat based wind data will be used to acquire wind velocity-height profiles.  The wind 
velocity- height data will be fit using a power law eqn (OBODM manual v. 2, see  
Eqn. 7-5) 
 
3.3.4  Total Solar Radiance Measurements 
The LI-200 Pyranometer is designed for field measurement of global solar radiation in ag-
ricultural, meteorological, and solar energy studies. The LI-200 features a silicon photovol-
taic detector mounted in a fully cosine-corrected miniature head. Current output, which is 
directly proportional to solar radiation, is calibrated at the factory against an Eppley Preci-
sion Spectral Pyranometer (PSP) under natural daylight conditions in units of watts per 
square meter (W·m-2). Under most conditions of natural daylight, the error is <5% (2). 
 
3.3.5  CO2 Concentration Measurements 
CO2 is continuously measured in accordance with EPA Method 3A using non-dispersive in-
frared (NDIR) instrument (LI-820 model, LI-COR Biosciences, USA).  This unit is config-
ured with an optional 14 cm optical bench, giving it an analytical range of 0-20,000 ppm 
with an accuracy specification of less than 2.5% of reading.  The LI-820 calibration range is 
set to 0- 4,500 ppm.  A particulate filter precedes the optical lens. The LI-820 voltage 
equivalent CO2 concentration will be recorded on the onboard PC .  The LI-820 and the 
DAS will be calibrated for CO2 on a daily basis according to U.S. EPA Method 3A (2008). 
 
3.3.6  Relative humidity 
Relative humidity will be monitored continuously using an on-board HOBO® U12-013 
(Onset Computer Corporation, USA) which measures and records relative humidity in 
%RH at a sampling rate of 1 Hz. The HOBO® U12-013is capable of measuring from   5- 
95% RH with an accuracy of ± 2.5%RH between 10 and 90%RH but does not exceed ± 
3.5%RH.  RH data are recorded with a resolution of 0.03% RH. The MTi-G AHRS sen-
sor measures atmospheric pressure in order to determine altitude. 

 
3.3.7  Plume height and diameter 
Plume height at apogee will be determined photographically. A series of photos (~2/sec) 
taken orthogonally to the wind will follow the plume evolution.  The GPS height of the 
aerostat plus its diameter will be used to estimate plume turnover height.  Plume diameter 
will be estimated likewise by a series of photographs taken upwind of the source and coor-
dinated with the other camera.  Both cameras will be initiated upon first observation of the 
plume. Plume diameter will be estimated by use of the aerostat diameter.  At the time of 
this writing, the specific time upon which plume height and diameter should be recorded 
for use in AERMOD was being solicited by an experienced AERMOD modeler. 

  



 

E-13 

4.   Sampling Procedure 
 

4.1  Site-Specific Considerations 
Nearby structures can interfere with wind and solar radiance measurements, so the place-
ment of the 10 m sonic anemometer and solar radiance meter is important to the data quality 
of these measurements, so they should be away from wind obstructions and shaded loca-
tions, respectively.  All other measurements will be located onboard the aerostat.  The 10 m 
sonic will be placed on a 10 m mast at a distance of at least ten times the height of any po-
tentially interfering structures from the structures.(2)  Placement of the solar radiation sensor 
will be such that no shadows will be cast upon the sensor during measurement. 
 
4.2  Labeling Procedures 
All data will be logged electronically using either a control pc or an offline data logger. 
Filenames will include the project name, date, time, and measurement name.  i.e. 
 

OBODM-YYMMDDHHmm-MEAS.dat 
 
Where YY, MM, DD, HH, and mm correspond to the year, month, day, hour, and minute 
that the measurements are acquired. MEAS will correspond to a code indicating the 
measurement. A key is listed in table 4-1 for these measurement codes. 
 
 
 
Table 4- 1 Measurement codes for file naming. 

 
MEAS Code Measurement 
10W 10 m sonic Anemometer 
AERW Aerostat based sonic anemometer 
SOLR Solar Radiance Measurement 
CO2 CO2 concentration 
GPS GPS, position, velocity, orientation, data 

 
4.3  Data archiving 
Files will be saved in a folder corresponding to the date the data were acquired.  Data will be 
backed up to an external hard drive while in the field and, upon return to the EPA, backed up 
to a network drive. 
 
5.   Measurement Procedures 
 
5.1  Time synchronization 
Integrated clocks on data loggers and PC’s will be synchronized daily.  If time 
differences greater than 5 seconds are observed from day to day, synchronization 
frequency will be increased. 
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5.2  Calibration 
 
5.2.1  MTi-G 
The MTiG orientation sensors must be calibrated at least once at the beginning of the test 
period to ensure accurate magnetic field measurements.  Additional calibrations will be 
conducted if the configuration of the aerostat based sampling pack significantly changes. 
 
5.2.2  Sonic Anemometers 
The R.M. Young 8100 3D sonic anemometers are calibrated in the factory annually. Daily 
calibrations are checked by performing a zero chamber test which is performed to ensure 
proper function of the sonic anemometer.  The zero chamber test consists of placing a bag 
over the anemometer and recording data for at least 1 minute to ensure that the instrument 
is properly zeroed. 
 
5.2.3  Total Solar Radiance 
The Recalibration of LI-COR radiation sensors is recommended every two years. Sensors 
must be returned to LI-COR for recalibration. Current output, which is directly proportional 
to solar radiation, is calibrated at the factory against an Eppley Precision Spectral 
Pyranometer (PSP) under natural daylight conditions in units of watts per square meter (W 
m-2).  Field calibration checks will consist of a daily zero check by blocking light to the 
sensor to ensure a zero current/voltage measurement. 
 
5.2.4  CO2 Concentration Measurements 
CO2 monitors will be calibrated using the EPA approved method. The number of calibration 
points varies from three to four (i.e., zero gas and either two or three target gas concentra-
tions, range, etc.). Initial instrument ranges will be selected based on previous results in the 
literature and, thereafter on previous project results. 
 
5.2.5  Plume Photography 
Plume characteristics will be recorded photographically using a Nikon D5100 digital SLR 
camera.  The Nikon D5100 has a 16.2 megapixel resolution. The scale is estimated by the 
known height and dimensions of the balloon which will be a similar distance away from 
the camera as the plume. 
 
6.   QA/QC 
6.1  QC Checks and MQOs 
QA/QC checks and acceptance criteria for measurements which are considered 
measurement quality objectives (MQOs) are summarized in Table 6-1 below. 
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Table 6- 1  QA/QC Checks 
 

 
Measured 

Parameter/Method 

 
QA/QC Check 

Procedure 

 
Reference 

Standard(s) 

QA/QC 
Check 

Frequency 

Acceptance 
Criteria/ 
MQOs 

 
Corrective 

Action 

CO2 CEM/ EPA 
Method 3A (NDIR) 

2 point zero & 
calibration drift 
test 

Certified CO2 
calibration 
gases 

1 per 
sample 

±5% of span Re-calibrate 
monitor 

Sonic Anemometer Zero Chamber 
test 

 Daily ±0.05 m/s Send to manufac-
turer for calibra-
tion check. 

Total Solar Radiance Zero test  Daily ±20 W/m2
 Send to manufac-

turer for calibra-
tion check 

 
 

6.2  DQI Goals for Critical Measurements 
Data quality indicator (DQI) goals for real time critical measurements are shown in Table   
6-2 in terms of accuracy, precision and completeness.  Accuracy for the CO2 monitor will be 
determined by relative agreement with known concentrations of standard CO2/N2 gas mix-
tures during daily calibrations.   Wind velocity and solar radiance accuracy values will be 
checked by performing daily zero tests.  Wind direction accuracy will be determined during 
measurement using the azimuth from the tether point to the balloon. This azimuth can be de-
termined by the real time gps coordinates of the balloon and the gps location of the tether 
point and indicates the wind direction.   The percentages for wind and solar radiance sensors 
are determined relative to the full range of the sensor (40 m/s and 3000 W/m2). Altitude da-
ta will be checked at the previously measured ground altitude of 1510 m.  For all measure-
ments in table 6-2, precision will be determined by the standard deviation of the time series 
data. Real time GPS data will be verified using Google Earth Pro and Google maps.  Because 
the standard deviation of the wind velocity is related to turbulence, precision will be deter-
mined using the standard deviation of the zero test data.  Completeness is determined by 
comparing the number of measurements that meet DQI goals compared to the total number 
of measurements taken. 

 
Table 6- 2 Data Quality Indicators 
Measurement 
Parameter 

Analysis Method Accuracy Precision Completeness 

Wind Velocity Zero Test 95% 95% NA 
 

Wind Direction GPS determined 
balloon tether azimuth 

±20° ±20° 80% 

Altitude Mircobarometer/GPS 10 m 10 m NA 
Carbon dioxide NDIR CEM 95% 10 ppm NA 
Solar Radiance Solar Cell 95% 90% NA 
Position GPS 10 m 10 m NA 
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7.   Data Analysis 
Data will be summarized and analyzed to facilitate the comparison between experimentally 
determined plume data (height, diameter, concentrations) and values predicted by OBODM.  
Values required for input into OBODM (i.e. Pasquill stability class and mixing layer thick-
ness) will be calculated from experimentally determined data. The calculations necessary to 
determine the input are discussed in this section as well as experimental output. 
 
7.1  Pasquill’s Stability Classes 
The Pasquill stability class value is an input for OBODM.  The class is determined from 
the total solar radiation value and wind speed. OBODM guidance(1) relies upon visually 
determined estimates of the solar radiation to determine the Pasquill  stability class. More 
recent publications use experimentally determined total solar radiation.(2) In this study, 
the solar radiation will be measured in order to determine the stability class. 
 
Table 7- 1 Table used for determining Pasquill Stability classes* 

 
 Solar Radiation (W/m2) 

≥925 925-675 675-175 <175 
<2 

2-3 
3-5 
5-6 
≥6 

A                     A                     B                     D 
A B                     C                     D 
B B                     C                     D 
C C                     D                     D 
C D                     D                     D 

*from EPA-454/R-99-005 
 

7.2  Mixing Layer depth 
The mixing layer depth is determined from the net radiation index and wind speed (see table 
7-2). The net radiation index is determined from the Pasquill stability class and wind speed 
(see table 7-3).  Tables 7-2 and 7-3 were acquired from the OBODM guidance (1). 
 
Table 7- 2 Table used for Mixing Layer Depth 

 
 Net Radiation Index 

4 3 2 1 0 
0-1 

>1-3 
>3-5 
>5-7 

>7 

2500 2000 1000 500 100 
2200 1800 1200 600 200 
1800 1500 1200 600 300 
1500 1200 1000 600 300 
1200 1000 700 500 300 

 
The net radiation index is a quantized parameter that is indicative of the solar radiation. 
OBODM uses this value to determine the mixing layer depth (7-2).  The net radiation in-
dex is determined from the Pasquill stability class and the 10 m winds peed. (1)  It is not-
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ed that it should be possible to determine the net radiation index directly from the solar 
radiation but no published relationship could be found. 

 

Table 7- 3 Table used for Net Radiation index 
 

 10 m windspeed 
0-1 >1-3 >3-5 >5-6 >6-7 >7-9 >9-10 >10-11 >11 

A 
B 
C 
D 

4 4 4 4 4 4 4 4 4 
2 3 3 3 3 4 4 4 4 
1 1 2 2 2 3 4 4 4 
0 0 1 1 0 0 0 0 0 

 
7.3  Turbulent Intensity 
Turbulent intensity(3) is determined from high frequency 10 m wind data.  The turbulent in-
tensity is defined in Eqn. 7-1. 

  (7-1) 
 

 
Where I is the turbulent intensity, u’ is the root mean square of the turbulent velocity fluc-
tuations and U is the Reynolds averaged mean velocity.  That is, 

   (7-2) 
 

Where     indicates the fluctuation of the ith component (x, y, z or u, v, w) 
And, 

 

  (7-3) 
 

Note: A Reynolds averaged time series refers to averages over discrete time steps (as 
opposed to a continuous running average) in this case. 

 
7.4  Wind speed Profile 

 
OBODM assumes that the height variation of wind speed within the surface mixing layer 
can be described by the power-law profile: 

 

 
(7-4) 

 
where 
u(z) = wind speed at height z above the surface 
u(zR) = wind speed at height zR above the surface 
p = wind-profile exponent 



 

E-18 

 
7.5  Comparison with output data 

 
Plume concentration, plume height, and plume diameter are calculated and reported by 
OBODM.  Plume height and diameter are used as inputs into AERMOD during risk assess-
ment.  The relative agreement (RA) between the OBODM values and experimentally deter-
mined values will be determined using Eqn 7-5. 

 

   (7-5) 
 

Where X corresponds to the value being compared (e.g. plume height) output by the 
model and the subscript refers to the theoretical (OBODM) or experimental value. 
 
The modified version of the OBODM allows for the calculation of time series concentra-
tion data at a fixed location downwind (see Figure 7-1.)  This allows for direct comparison 
of the OBODM output with the aerostat based background subtracted CO2 concentration 
data.   Data will be compared based on total exposure (i.e. integrated peak areas) and peak 
concentration. Relative agreement between the model prediction and measurements will be 
determined for the time series values for each of the approximately 36 plumes to be meas-
ured.  Data will be compared based on plotting predicted vs observed concentrations at 
equivalent times for each run and by comparing predicted vs observed plume height and 
diameter. 
 
Further modeling using AERMOD is necessary to determine the minimum acceptable 
performance of OBODM and is beyond the scope of this study. 
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Figure 7- 1 Concentration-Time traces generated by OBODM at different positions 
downwind of source. 
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Appendix F: Data for each sample collected. 
 
 
All emission factors are ambient air background corrected. The XRF metal uncertainty meas-
urement represents the statistical range in which a measurement may fall. Value less than three 
times the uncertainty is below 99.7% confidence. 
 
Table F1. Number of samples collected for each munitions type. 

Munitions type 
Buried 
depth 

Energetics PM2.5 PM10 
Total 
PM 

Total 
PMa 

VOC HCl/perchlorate/chlorate 

Comp B Surface 1 2 2 4 1 0 0 

Comp B 3 feet 4 4 4 8 4 1 0 

Comp B 6 feet 2 2 2 4 2 0 0 

V453 3 feet 1 3 3 6 1 0 0 

V453 6 feet 3 3 3 6 3 0 0 

V548 3 feet 3 2 2 4 2 1 0 

V548b 3 feet 2 6 6 12 2 2 0 

ARC 451 DNA 0 1 1 2 DNA 1 3c 

ARC452 A DNA 0 0 1 1 DNA 1 2c 
* DNA – Does not apply. a Total PM from Energetics filter. b Ground sampling. c No results due to malfunction of the 
pumps. 
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Table F2. Energetic emission factor in lb/lb Carbon for each collected air sample.* 

* ND – not detected. # Ground based sampling. 
  

 
Comp B Comp B Comp B Comp B Comp B Comp B Comp B V453 V453 V453 V453 V548 V548# V548# 

 
Surface 3 feet 3 feet 3 feet 3 feet 6 feet 6 feet 3 feet 6 feet 6 feet 6 feet 3 feet 3 feet 3 feet 

HMX 5.0E-07 5.5E-07 ND 1.3E-06 5.9E-06 3.0E-06 7.8E-07 5.8E-06 ND 4.7E-06 ND 1.8E-04 1.1E-04 5.3E-04 

RDX 2.6E-06 1.7E-06 ND 1.6E-06 2.0E-05 7.4E-06 1.8E-06 5.6E-06 ND 5.2E-06 ND ND 1.1E-06 ND 

1,3,5-Trinitrobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

1,3-Dinitrobenzene ND ND ND ND ND ND ND ND ND ND ND ND ND ND 
Methyl-2,4,6-

trinitrophenylnitramine (Tetryl) 
ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

2,4,6-Trinitrotoluene (TNT) 2.6E-06 3.2E-07 ND ND 1.6E-05 3.0E-06 3.3E-07 ND ND ND ND ND ND ND 

4-Amino-2,6-dinitrotoluene ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

2-Amino-4,6-dinitrotoluene 1.0E-07 3.0E-07 3.2E-07 3.3E-07 1.7E-06 5.7E-07 4.8E-07 3.0E-06 ND 2.3E-06 2.0E-06 1.3E-06 ND ND 

2,4-Dinitrotoluene 1.0E-06 1.1E-05 6.3E-06 1.5E-05 ND 8.2E-06 9.6E-06 ND ND ND ND ND ND ND 

2,6-Dinitrotoluene ND ND ND ND ND ND ND ND ND ND ND ND ND ND 

3,5-Dinitroaniline ND ND ND ND ND ND ND 2.4E-06 ND ND 2.5E-06 ND ND ND 

Pentaerythritol Tetranitrate 2.6E-07 5.3E-07 5.7E-07 ND ND ND ND 5.8E-06 ND ND ND ND 4.7E-06 ND 
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Table F3. Energetic concentrations in ng/m3 and amount of carbon for each collected air sample.* 
 

Comp B Comp B Comp B Comp B Comp B Comp B Comp B V453 V453 V453 V453 V548 V548# V548# Ambient Ambient 

 
Surface 3 feet 3 feet 3 feet 3 feet 6 feet 6 feet 3 feet 6 feet 6 feet 6 feet 3 feet 3 feet 3 feet 

  

HMX 
7.7 

[3.1] 
17 

[16] 
ND 
[25] 

46 
[26] 

71 
[56] 

32 
[11] 

32 
[31] 

13  
[11] 

ND 
[44] 

32  
[26] 

ND 
[38] 

1828 
[27] 

1572 
[20] 

3485 
[40] 

0.14 
[0.10] 

0.14 
[0.10] 

RDX 
41 

[2.2] 
54 

[11] 
ND 
[18] 

57 
[19] 

245 
[40] 

77 
[7.7] 

75 
[22] 

13 
[7.7] 

ND 
[34] 

35  
[19] 

ND 
[27] 

ND 
[19] 

15 
[14] 

ND 
[29] 

0.14 
[0.070] 

ND 
[0.071] 

1,3,5-Trinitrobenzene 
ND 

[3.5] 
ND 
[18] 

ND 
[28] 

ND 
[29] 

ND 
[62] 

ND 
[12] 

ND 
[34] 

ND 
[12] 

ND 
[25] 

ND 
[29] 

ND 
[42] 

ND 
[30] 

ND 
[22] 

ND 
[44] 

ND  
[0.11] 

ND 
[0.11]] 

1,3-Dinitrobenzene 
ND 

[7.7] 
ND 
[39] 

ND 
[62] 

ND 
[64] 

ND 
[138] 

ND 
[26] 

ND 
[76] 

ND 
[27] 

ND 
[38] 

ND 
[64] 

ND 
[94] 

ND 
[67] 

ND 
[49] 

ND 
[98] 

ND  
[0.24] 

ND  
[0.24] 

Methyl-2,4,6-
trinitrophenylnitramine (Tetryl) 

ND  
[2.2] 

ND 
[11] 

ND 
[18] 

ND 
[19] 

ND 
[40] 

ND 
[7.7] 

ND 
[22] 

ND 
[7.7] 

ND 
[85] 

ND 
[19] 

ND 
[27] 

ND 
[19] 

ND 
[14] 

ND 
[29] 

ND 
[0.070] 

ND 
[0.071] 

2,4,6-Trinitrotoluene (TNT) 
41 

[1.4] 
10 

[6.9] 
ND 
[11] 

ND 
[11] 

198 
[24] 

32 
[4.7] 

13 
[13] 

ND 
[4.7] 

ND 
[25] 

ND 
[11] 

ND 
[17] 

ND 
[12] 

ND 
[8.6] 

ND 
[17] 

0.23 
[0.043] 

ND 
[0.043] 

4-Amino-2,6-dinitrotoluene 
ND 

[2.0] 
ND 
[10] 

ND 
[16] 

ND 
[16] 

ND 
[36] 

ND 
[6.8] 

ND 
[20] 

ND 
[6.9] 

ND 
[15] 

ND 
[16] 

ND 
[24] 

ND 
[17] 

ND 
[13] 

ND 
[25] 

ND 
[0.062] 

ND 
[0.063] 

2-Amino-4,6-dinitrotoluene 
1.6 

[1.1] 
9.4 

[5.6] 
15 

[8.9] 
11 

[9.3] 
20 

[20] 
6.0 

[3.8] 
20 

[11] 
6.9 

[3.9] 
ND 
[22] 

15 
[9.3] 

15 
[14] 

13  
[10] 

ND 
[7.1] 

ND 
[14] 

ND 
[0.035] 

0.043 
[0.035] 

2,4-Dinitrotoluene 
16 

[15] 
351 
[75] 

298 
[119] 

504 
[124] 

ND 
[267] 

85 
[51] 

392 
[147] 

ND 
[52] 

ND 
[12] 

ND 
[123] 

ND 
[181] 

ND 
[129] 

ND 
[94] 

ND 
[190] 

2.1  
[0.47] 

ND  
[0.47] 

2,6-Dinitrotoluene 
ND 

[8.5] 
ND 
[43] 

ND 
[69] 

ND 
[71] 

ND 
[153] 

ND 
[29] 

ND 
[85] 

ND 
[30] 

ND 
[164] 

ND 
[71] 

ND 
[104] 

ND 
[74] 

ND 
[54] 

ND 
[109] 

ND  
[0.27] 

ND  
[0.27] 

3,5-Dinitroaniline 
ND 

[1.5] 
ND 

[7.5] 
ND 
[12] 

ND 
[12] 

ND 
[27] 

ND 
[5.1] 

ND 
[15] 

5.6 
[5.2] 

ND 
[95] 

ND 
[12] 

20 [18] 
ND 
[13] 

ND 
[9.4] 

ND 
[19] 

ND 
[0.047] 

ND 
[0.047] 

Pentaerythritol Tetranitrate 
4.1 

[2.5] 
16 

[13] 
27 

[20] 
ND 
[21] 

ND 
[44] 

ND 
[8.5] 

ND 
[25] 

13 
[8.6] 

ND 
[27] 

ND 
[21] 

ND 
[30] 

ND 
[22] 

67 
[16] 

ND 
[32] 

ND 
[0.078] 

ND 
[0.078] 

 
Carbon (mg/m3) 

 
15 31 47 34 12 10 41 7.2 3.4 6.8 7.8 10 14 6.5 NA NA 

* ND=Not detected, detection limit within parentheses. # Ground based sampling. 
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Table F4. PM energetic concentration in µg/kg.* 

 
 

Comp B V453 V548 
 

 
Surface 3 feet 6 feet 3 feet 6 feet 3 feet 

HMX Average 113 18 18 11 38 1253 
 N 1 3 2 1 1 3 
 STDV DNA 12 DNA DNA DNA 266 
 AD/2 

 
DNA 5.6 DNA DNA DNA 

RDX Average 600 47 44 10 42 10 
 N DNA 3 2 1 1 1 
 STDV DNA 46 DNA DNA DNA DNA 
 AD/2 DNA DNA 14 DNA DNA DNA 

TNT Average 600 42 15 DNA DNA DNA 
 N DNA 2 2 DNA DNA DNA 
 STDV DNA DNA DNA DNA DNA DNA 
 AD/2 DNA 39 9.3 DNA DNA DNA 

* DNA – Does not apply. AD- absolute difference. N – number of samples. STDV – standard deviation.  
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Table F5. Energetic concentrations in µg/kg for each collected soil sample.* 

 
Pit Back-
ground 

Post  
detonation 
of Comp B 

Sand fill, 
background 

Post  
detonation 

of V453 

Post  
detonation 

of V548 

HMX 
ND 

[2.5] 
ND 

[2.5] 
ND 

[2.5] 
ND 

[2.5] 
7.0 

[2.5] 

RDX 
ND 

[1.8] 
ND 

[1.8] 
ND 

[1.8] 
2.2 

[1.8] 
2.9 

[1.8] 

1,3,5-Trinitrobenzene 
ND 

[2.8] 
ND 

[2.8] 
ND 

[2.8] 
ND 

[2.8] 
ND 

[2.8] 

1,3-Dinitrobenzene 
ND 

[6.2] 
ND 

[6.2] 
ND 

[6.2] 
ND 

[6.2] 
ND 

[6.2] 
Methyl-2,4,6-trinitrophenylnitramine 

(Tetryl) 
ND 

[1.8] 
ND 

[1.8] 
ND 

[1.8] 
ND 

[1.8] 
ND 

[1.8] 

2,4,6-Trinitrotoluene (TNT) 
11 

[1.1] 
5.8 

[1.1] 
ND 

[1.1] 
2.6 

[1.1] 
ND 

[1.1] 

4-Amino-2,6-dinitrotoluene 
ND 

[1.6] 
ND 

[1.6] 
ND 

[1.6] 
ND 

[1.6] 
ND 

[1.6] 

2-Amino-4,6-dinitrotoluene 
ND 

[0.90] 
ND 

[0.90] 
ND 

[0.90] 
ND 

[0.90] 
ND 

[0.90] 

2,4-Dinitrotoluene 
ND 
[12] 

ND 
[12] 

ND 
[12] 

ND 
[12] 

ND 
[12] 

2,6-Dinitrotoluene 
ND 

[6.9] 
ND 

[6.9] 
ND 

[6.9] 
ND 

[6.9] 
ND 

[6.9] 

3,5-Dinitroaniline 
ND 

[1.2] 
ND 

[1.2] 
ND 

[1.2] 
ND 

[1.2] 
ND 

[1.2] 

Pentaerythritol Tetranitrate 
4.2 

[2.0] 
ND 

[2.0] 
ND 

[2.0] 
ND 

[2.0] 
ND 

[2.0] 
 * One soil sample for each matrix. ND – not detectable. Detection levels within brackets.  
 
 

 
Figure F-1. HMX, RDX, and TNT concentration in the soil, both pre- and post-detonation. 
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Table F6. PM EF for each collected sample, in lb/lb NEW.* 
      Total PM Total PM Total PM PM10 PM2.5 

 
Munitions 

From Energetic 
filter 

From PM10 
impactor 

From PM2.5 
impactor 

 
  

      lb/lb NEW lb/lb NEW lb/lb NEW lb/lb NEW lb/lb NEW 

1 CompB Surface 1.1 0.19 0.48 0.16 0.34 

2 CompB Surface NS 0.67 0.73 0.43 0.51 

1 CompB 3 feet 26 49 19 41 5.1 

2 CompB 3 feet 22 164 9.3 51 3.9 

3 CompB 3 feet 17 59 7.6 155 4.0 

4 CompB 3 feet 51 970 22 968 17 

1 CompB 6 feet 32 16 25 9.1 13 

2 CompB 6 feet 15 86 41 6.9 6.4 

1 V453 3 feet 126 269 12 258 7.7 

2 V453 3 feet NS 65 21 52 9.2 

3 V453 3 feet NS 438 14 404 9.4 

1 V453 6 feet 48 63 24 20 17 

2 V453 6 feet 29 1332 18 1300 12 

3 V453 6 feet 21 31 145 14 8.4 

1 V548 3 feet 36 241 6.3 209 3.6 

2 V548 3 feet 79 164 48 74 17 

1 V548 3 feet, grounda 35 516 105 431 18 

2 V548 3 feet, grounda 56 308 164 50 11 

3 V548 3 feet, grounda NS 102 45 26 11 

4 V548 3 feet, grounda NS 673 87 278 19 

5 V548 3 feet, grounda NS 308 20 639 14 

6 V548 3 feet, grounda NS 356 8.2 268 6.7 

1 ARC452A DNA NS 15 NS 0.31 NS 

1 ARC451 DNA NS 7.6 0.30 0.28 0.25 
*NS – Not Sampled. DNA – Does not apply. a Sampling performed at ground levels. 
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Table F7. PM concentration and amount carbon collected in each sample.* 
 Sample # PM2.5 Total PM Carbon  Sample # PM10 Total PM Carbon  

  mg/m3 mg/m3 mg/m3  mg/m3 mg/m3 mg/m3 

Comp B Surface 1 73 106 55 1 35 42 55 

 2 48 68 23 2 40 63 23 

Comp B 3 feet 1 662 2472 32 1 5327 6297 32 

 2 713 1686 45 2 9250 10691 45 

 3 542 1031 34 3 20981 22318 34 

 4 568 741 8.6 4 33362 33434 8.6 

Comp B 6 feet 1 1765 3410 34 1 1244 2135 34 

 2 1112 7135 43 2 1183 14831 43 

V453 3 feet 1 403 601 12 1 13551 14096 12 

 2 192 435 4.9 2 1075 1340 4.9 

 3 371 555 9.3 3 15956 17308 9.3 

V453 6 feet 1 210 299 2.9 1 251 788 2.9 

 2 306 441 5.8 2 32319 33096 5.8 

 3 153 265 4.3 3 255 564 4.3 

V548 3 feet 1 138 239 8.6 1 7897 9110 8.6 

 2 445 1285 6.1 2 1978 4373 6.1 

V5483 feet, ground 1 1223 7228 16 1 29738 35586 16 

 2 1032 14951 21 2 4575 28141 21 

 3 806 3370 17 3 1958 7643 17 

 4 1543 6983 18 4 22396 54213 18 

 5 623 890 10 5 29024 29626 10 

 6 303 371 10 6 12102 16094 10 

ARC 452A NS NS NS NS 1 82 3968 41 
ARC 451 1 71 84 44 1 85 2323 48 
Ambient 1 0.0054 0.0068 DNA 1 0.58 0.59 DNA 

* NS – Not Sampled. DNA – Does not apply. 
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Table F8. Metals in each collected PM10 sample in µg/sample, and mass, carbon sampled and sampled volume for each sample.1 

Sample # Matrix 

Buried 
depth Mass 

Carbon 
sampled 

Sampling 
Volume Na Mg Al K Ca Mn Fe Hf Pb Zr 

   

g/sample mg/m3 m3 

          1A Comp B Surface 5.90E-04 55 1.65E-02 9.0 
[1.3] 

5.8 
[0.60] 

11 
[0.77] 

4.5 
[0.24] 

11 
[0.58] 

0.080 
[0.014] 

4.8 
[0.25] 

0.055* 
[0.044] 

0.029* 
[0.022] 

0.036* 
[0.014] 

1B Comp B Surface 6.79E-04 23 1.67E-02 8.1 
[1.2] 

5.2 
[0.56] 

12 
[0.85] 

4.6 
[0.24] 

8.4 
[0.43] 

0.13 
[0.015] 

6.0 
[0.031] 

0.0011* 
[0.044] 

0.027* 
[0.026] 

0.037* 
[0.014] 

2A Comp B 3 feet 8.74E-03 32 1.63E-02 ND 
[74] 

23* 
[16] 

175 
[25] 

80 
[4.5] 

123 
[6.7] 

1.6 
[0.086] 

83 
[4.1] 

ND 
[0.043] 

0.11 
[0.023] 

0.55 
[0.033] 

2B Comp B 3 feet 5.86E-03 34 9.83E-03 ND 
[17] 

7.5* 
[4.1] 

59 
[6.3] 

22 
[1.2] 

42 
[2.2] 

0.32 
[0.024] 

18 
[0.93] 

0.034* 
[0.027] 

0.0079* 
[0.015] 

0.16 
[0.014] 

2C Comp B 3 feet 1.05E-02 45 1.18E-02 ND 
[25] 

10* 
[9.9] 

185 
[29] 

97 
[5.6] 

178 
[9.8] 

1.6 
[0.089] 

92 
[4.6] 

ND 
[0.049] 

0.14 
[0.026] 

0.80 
[0.045] 

2D Comp B 3 feet 2.74E-03 8.6 6.17E-03 ND 
[4.7] 

5.5 
[1.7] 

39 
[3.3] 

15 
[0.79] 

24 
[1.3] 

0.31 
[0.023] 

14 
[0.73] 

0.015* 
[0.025] 

0.062 
[0.015] 

0.11 
[0.012] 

3A Comp B 6 feet 3.76E-03 34 3.00E-03 10.5 
[2.5] 

6.6 
[0.94] 

11 
[0.95] 

4.0 
[0.22] 

6.3 
[0.33] 

0.089 
[0.012] 

4.2 
[0.21] 

ND 
[0.041] 

0.032* 
[0.020] 

0.012* 
[0.012] 

3B Comp B 6 feet 9.28E-03 43 7.83E-03 ND 
[15] 

13* 
[8.0] 

156 
[19] 

57 
[4.5] 

92 
[5.0] 

0.89 
[0.052] 

54 
[2.7] 

ND 
[0.053] 

0.095 
[0.027] 

0.43 
[0.027] 

4A V 453 3 feet 3.44E-03 4.9 2.37E-02 ND 
[5.7] 

4.9* 
[1.7] 

39 
[3.5] 

13 
[0.68] 

21 
[1.1] 

0.28 
[0.022] 

16 
[0.78] 

0.017* 
[0.026] 

0.0068* 
[0.015] 

0.090 
[0.012] 

4B V 453 3 feet 4.14E-03 12 1.67E-02 ND 
[17] 

9.3* 
[4.4] 

92 
[9.1] 

35 
[1.9] 

48 
[2.5] 

0.73 
[0.043] 

40 
[2.0] 

ND 
[0.032] 

0.042 
[0.017] 

0.30 
[0.020] 

4C V 453 3 feet 1.96E-03 9.3 9.17E-03 ND 
[2.9] 

2.8 
[0.91] 

30 
[2.3] 

12 
[0.61] 

18 
[0.93] 

0.24 
[0.019] 

13 
[0.65] 

ND 
[0.025] 

0.019* 
[0.014] 

0.085 
[0.011] 

5A V 453 6 feet 2.08E-03 2.9 8.17E-03 ND 
[0.89] 

3.2 
[0.82] 

34 
[2.5] 

11 
[0.83] 

17 
[1.3] 

0.21 
[0.018] 

14 
[0.71] 

0.020* 
[0.044] 

0.018* 
[0.023] 

0.062 
[0.014] 

5B V 453 6 feet 2.33E-03 5.8 1.07E-02 7.8* 
[4.8] 

4.6 
[1.4] 

44 
[3.6] 

17 
[0.88] 

26 
[1.3] 

0.35 
[0.025] 

20 
[0.99] 

ND 
[0.028] 

0.063 
[0.016] 

0.12 
[0.014] 

5C V 453 6 feet 1.57E-03 4.3 6.00E-03 ND 
[0.69] 

2.3 
[0.65] 

21 
[1.5] 

9.1 
[0.47] 

12 
[0.61] 

0.17 
[0.017] 

11 
[0.58] 

0.12* 
[0.044] 

ND 
[0.022] 

0.036* 
[0.014] 

6A V 548 3 feet 4.02E-03 8.6 1.00E-02 ND 
[8.7] 

4.7* 
[2.2] 

52 
[4.8] 

19 
[1.0] 

33 
[2.5] 

0.51 
[0.033] 

25 
[1.3] 

0.0023* 
[0.029] 

0.15 
[0.018] 

0.079 
[0.012] 

6B V 548 3 feet 9.51E-03 16 1.57E-02 37* 
[51] 

24* 
[11] 

127 
[17] 

51 
[2.8] 

92 
[5.0] 

1.2 
[0.068] 

61 
[3.2] 

ND 
[0.034] 

0.21 
[0.022] 

0.37 
[0.023] 

6C V 548 3 feet 2.84E-03 6.1 6.50E-03 0.70* 
[4.87] 

6.3 
[1.8] 

45 
[3.8] 

17 
[0.91] 

27 
[1.4] 

0.52 
[0.033] 

24 
[1.2] 

ND 
[0.031] 

0.13 
[0.018] 

0.11 
[0.014] 

7A V 548 3 feet 1.05E-02 21 1.02E-02 ND 
[100] 

33* 
[23] 

235 
[36] 

102 
[5.7] 

191 
[11] 

2.2 
[0.12] 

117 
[8.3] 

ND 
[0.053] 

0.35 
[0.033] 

0.68 
[0.040] 

7B V 548 3 feet 9.54E-03 17 8.83E-03 ND 
[95] 

43* 
[27] 

268 
[40] 

119 
[6.7] 

219 
[12] 

3.0 
[0.16] 

134 
[6.7] 

ND 
[0.053] 

0.42 
[0.035] 

0.78 
[0.044] 

7C V 548 3 feet 1.60E-03 10 6.33E-03 4.2* 
[2.3] 

2.5 
[0.73] 

22 
[1.7] 

8.5 
[0.45] 

15 
[0.78] 

0.22 
[0.018] 

9.6 
[0.49] 

ND 
[0.026] 

0.057 
[0.015] 

0.027* 
[0.011] 

7D V 548 3 feet 7.86E-03 18 3.83E-03 20* 27* 143 49 88 1.1 52 ND 0.15 0.28 
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Sample # Matrix 

Buried 
depth Mass 

Carbon 
sampled 

Sampling 
Volume Na Mg Al K Ca Mn Fe Hf Pb Zr 

   

g/sample mg/m3 m3 

          [31] [9.6] [18] [2.6] [4.7] [0.063] [2.6] [0.031] [0.018] [0.018] 

7E V 548 3 feet 3.16E-03 10 5.17E-03 5.9* 
[5.8] 

10 
[2.4] 

59 
[5.1] 

25 
[1.3] 

45 
[2.3] 

0.62 
[0.037] 

28 
[1.4] 

ND 
[0.027] 

0.059 
[0.015] 

0.14 
[0.014] 

8A Ambient DNA 1.97E-04 DNA 2.37E+00 ND 
[0.34] 

0.39* 
[0.26] 

3.9 
[0.32] 

1.5 
[0.088] 

2.2 
[0.12] 

0.050 
[0.010] 

1.8 
[0.098] 

0.036* 
[0.027] 

0.043* 
[0.015] 

0.024* 
[0.011] 

8B Ambient DNA 1.06E-03 DNA 3.30E+02 0.10* 
[1.5] 

4.4 
[0.66] 

26 
[1.9] 

10 
[0.53] 

9.8 
[0.50] 

0.33 
[0.024] 

14 
[0.71] 

0.041* 
[0.029] 

0.037* 
[0.016] 

0.066 
[0.012] 

1. DNA – Does not apply. ND – not detected. Uncertainty limits within brackets. * Concentrations are three time less than the uncertainty.  
 
 
Table F9. Metals in each collected PM2.5 sample in µg/sample, and mass, carbon sampled and sampled volume for each sample.1 

Sample # Matrix 
Buried 
depth Mass 

Carbon 
sampled 

Sampling 
Volume Na Mg Al K Ca Mn Fe Hf Pb Zr 

   
g/sample mg/m3 m3 

          
1A Comp B Surface 1.21E-03 55 1.65E-02 

6.3 
[1.4] 

5.1 
[0.63] 

11 
[0.82] 

4.2 
[0.34] 

12 
[0.61] 

0.090 
[0.014] 

4.4 
[0.23] 

ND 
[0.043] 

0.015 
[0.022] 

0.035 
[0.014] 

1B Comp B Surface 8.01E-04 23 1.67E-02 
4.6 

[1.2] 
3.9 

[0.53] 
11 

[0.78] 
4.3 

[0.23] 
7.7 

[0.40] 
0.11 

[0.014] 
5.1 

[0.26] 
0.064* 
[0.043] 

ND 
[0.022] 

0.050 
[0.014] 

2A Comp B 3 feet 1.06E-02 32 1.63E-02 
ND 
[55] 

16* 
[11] 

122 
[18] 

43 
[2.4] 

64 
[3.5] 

0.81 
[0.048] 

40 
[2.0] 

0.0056* 
[0.032] 

0.024* 
[0.017] 

0.25 
[0.018] 

2B Comp B 3 feet 4.44E-03 34 9.83E-03 
ND 
[12] 

6.3* 
[3.0] 

58 
[5.7] 

23 
[1.2] 

46 
[2.4] 

0.39 
[0.027] 

22 
[1.1] 

ND 
[0.029] 

0.032 
[0.016] 

0.18 
[0.016] 

2C Comp B 3 feet 7.26E-03 45 1.18E-02 
ND 
[37] 

9.1* 
[7.1] 

96 
[12] 

38 
[2.1] 

73 
[5.6] 

0.70 
[0.042] 

39 
[2.0] 

ND 
[0.032] 

0.064 
[0.017] 

0.25 
[0.018] 

2D Comp B 3 feet 2.52E-03 8.6 6.17E-03 
ND 

[4.1] 
4.3 

[1.3] 
35 

[2.9] 
14 

[0.73] 
23 

[1.2] 
0.30 

[0.023] 
14 

[0.73] 
0.028* 
[0.028] 

0.068 
[0.016] 

0.089 
[0.012] 

3A Comp B 6 feet 5.29E-03 34 3.00E-03 
22 

[5.3] 
14 

[1.9] 
32 

[2.9] 
11 

[0.58] 
16 

[0.83] 
0.24 

[0.019] 
11 

[0.56] 
ND 

[0.042] 
0.019 

[0.022] 
0.0056* 
[0.014] 

3B Comp B 6 feet 8.71E-03 43 7.83E-03 
ND 
[17] 

21* 
[9.8] 

206 
[25] 

86 
[6.8] 

132 
[10] 

1.4 
[0.075] 

82 
[4.1] 

ND 
[0.064] 

0.17 
[0.033] 

0.65 
[0.038] 

4A V 453 3 feet 4.50E-03 4.9 2.37E-02 
ND 

[9.3] 
6.5* 
[2.6] 

56 
[5.4] 

21 
[1.1] 

34 
[1.8] 

0.45 
[0.029] 

24 
[1.2] 

ND 
[0.029] 

0.066 
[0.017] 

0.20 
[0.017] 

4B V 453 3 feet 7.27E-03 12 1.67E-02 
ND 
[20] 

8.8* 
[4.8] 

73 
[8.4] 

24 
[1.3] 

34 
[1.8] 

0.47 
[0.031] 

27 
[1.4] 

0.0068* 
[0.028] 

0.054 
[0.015] 

0.18 
[0.015] 

4C V 453 3 feet 2.49E-03 9.3 9.17E-03 
ND 

[2.9] 
2.8 

[0.88] 
25 

[2.0] 
9.2 

[0.48] 
15 

[0.75] 
0.23 

[0.018] 
11 

[0.54] 
ND 

[0.026] 
0.0068* 
[0.014] 

0.097 
[0.011] 

5A V 453 6 feet 1.71E-03 2.9 8.17E-03 
1.1 

[1.1] 
4.2 

[1.0] 
30 

[2.3] 
11 

[0.58] 
18 

[0.94] 
0.21 

[0.019] 
15 

[0.73] 
0.037* 
[0.048] 

0.0056* 
[0.024] 

0.079 
[0.016] 

5B V 453 6 feet 3.20E-03 5.8 1.07E-02 
ND 

[4.5] 
3.9* 
[1.4] 

35 
[3.0] 

13 
[0.66] 

19 
[1.0] 

0.26 
[0.020] 

16 
[0.79] 

0.043* 
[0.026] 

0.057 
[0.015] 

0.087 
[0.011] 
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Sample # Matrix 
Buried 
depth Mass 

Carbon 
sampled 

Sampling 
Volume Na Mg Al K Ca Mn Fe Hf Pb Zr 

   
g/sample mg/m3 m3 

          
5C V 453 6 feet 9.16E-04 4.3 6.00E-03 

9.8 
[1.4] 

5.1 
[0.57] 

11 
[0.83] 

4.4 
[0.23] 

5.9 
[0.31] 

0.078 
[0.012] 

5.3 
[0.27] 

ND 
[0.044] 

0.029* 
[0.022] 

0.044 
[0.014] 

6A V 548 3 feet 9.82E-04 8.6 1.00E-02 
1.1* 
[1.1] 

1.0 
[0.32] 

5.6 
[0.45] 

2.4 
[0.13] 

3.6 
[0.19] 

0.049 
[0.011] 

2.9 
[0.15] 

0.077 
[0.026] 

0.033* 
[0.015] 

0.0079* 
[0.010] 

6B V 548 3 feet 1.63E-02 16 1.57E-02 
ND 

[101] 
21* 
[18] 

146 
[28] 

39 
[2.2] 

73 
[4.0] 

0.83 
[0.049] 

40 
[2.0] 

ND 
[0.033] 

0.15 
[0.019] 

0.25 
[0.018] 

6C V 548 3 feet 1.95E-03 6.1 6.50E-03 
3.5* 
[2.5] 

4.8 
[0.97] 

31 
[2.4] 

12 
[0.64] 

20 
[1.0] 

0.35 
[0.025] 

17 
[0.86] 

ND 
[0.027] 

0.10 
[0.016] 

0.078 
[0.011] 

7A V 548 3 feet 9.15E-03 21 1.02E-02 
ND 
[41] 

18* 
[9.4] 

125 
[17] 

48 
[2.6] 

90 
[4.8] 

1.1 
[0.061] 

57 
[4.5] 

ND 
[0.035] 

0.17 
[0.020] 

0.31 
[0.020] 

7B V 548 3 feet 4.59E-03 17 8.83E-03 
ND 
[10] 

11* 
[3.7] 

78 
[7.6] 

33 
[1.8] 

67 
[5.0] 

0.97 
[0.055] 

43 
[2.1] 

ND 
[0.028] 

0.11 
[0.017] 

0.16 
[0.015] 

7C V 548 3 feet 1.74E-03 10 6.33E-03 
ND 

[1.7] 
1.4 

[0.47] 
10 

[0.83] 
4.4 

[0.23] 
7.4 

[0.38] 
0.11 

[0.012] 
5.0 

[0.26] 
0.038* 
[0.026] 

0.033* 
[0.014] 

0.024* 
[0.010] 

7D V 548 3 feet 5.68E-03 18 3.83E-03 
ND 
[19] 

14* 
[5.2] 

109 
[12] 

36 
[1.9] 

68 
[3.6] 

1.0 
[0.058] 

45 
[2.2] 

ND 
[0.031] 

0.13 
[0.018] 

0.21 
[0.016] 

7E V 548 3 feet 2.52E-03 10 5.17E-03 
ND 

[2.6] 
3.7 

[0.91] 
26 

[2.2] 
10 

[0.54] 
18 

[0.94] 
0.24 

[0.019] 
12 

[0.59] 
0.011* 
[0.057] 

0.024* 
[0.015] 

0.076 
[0.011] 

8A Ambient DNA 2.66E-04 DNA 2.37E+00 
ND 

[0.89] 
0.43* 
[0.25] 

2.9 
[0.25] 

1.2 
[0.075] 

1.9 
[0.10] 

0.026* 
[0.010] 

1.6 
[0.089] 

0.029* 
[0.026] 

0.036* 
[0.015] 

0.029* 
[0.010] 

8B Ambient DNA 1.40E-03 DNA 3.30E+02 
2.8* 
[1.7] 

5.0 
[0.73] 

25 
[1.8] 

10 
[0.53] 

9.5 
[0.49] 

0.32 
[0.023] 

14 
[0.70] 

0.018* 
[0.029] 

0.034* 
[0.016] 

0.064 
[0.012] 

1. DNA – Does not apply. ND – not detected. Uncertainty limits within brackets. * Concentrations are three time less than the uncertainty.  
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Table F10. Metals in each collected Total PM sample in µg/sample, and mass, carbon sampled and sampled volume for each sample.* 

   
Mass 

Carbon 
sampled 

Sampling 
volume 

Na Mg Al K Ca Mn Fe Hf Pb Zr 

Sample # Matrix 
Buried 
depth 

g/sample mg/m3 m3 
          

1A Comp B Surface 7.00E-04 55 1.65E-02 13 6.7 13 5.8 122 0.20 6.6 0.055 0.029 0.036 

1B Comp B Surface 1.06E-03 23 1.67E-02 13 6.1 15 6.3 136 0.27 8.2 0.0011 0.52 0.10 

2A Comp B 3 feet 1.03E-01 32 1.63E-02 6.2 35 215 91 249 2.4 126 ND 0.57 0.65 

2B Comp B 3 feet 2.19E-01 34 9.83E-03 7.0 25 112 37 212 1.3 75 0.034 0.44 0.27 

2C Comp B 3 feet 1.27E-01 45 1.18E-02 5.6 26 235 112 346 2.7 144 ND 0.66 0.90 

2D Comp B 3 feet 2.06E-01 8.6 6.17E-03 4.1 7.0 45 17 58 0.44 19 0.015 0.31 0.17 

3A Comp B 6 feet 6.41E-03 34 3.00E-03 14 12 28 9.0 99 0.53 20 ND 0.032 0.012 

3B Comp B 6 feet 1.16E-01 43 7.83E-03 10 116 458 133 648 8.2 460 ND 0.095 0.79 

4A V 453 3 feet 3.17E-02 4.9 2.37E-02 5.9 13 74 23 144 0.91 48 0.017 0.40 0.25 

4B V 453 3 feet 2.35E-01 12 1.67E-02 6.0 21 138 48 252 1.6 82 ND 0.51 0.49 

4C V 453 3 feet 1.59E-01 9.3 9.17E-03 5.7 14 75 25 215 1.1 54 ND 0.50 0.29 

5A V 453 6 feet 6.44E-03 2.9 8.17E-03 4.2 7.5 48 15 194 0.60 30 0.020 0.018 0.062 

5B V 453 6 feet 3.53E-01 5.8 1.07E-02 14 19 97 32 166 1.3 74 ND 0.34 0.31 

5C V 453 6 feet 3.39E-03 4.3 6.00E-03 3.8 3.5 25 11 173 0.33 16 0.12 ND 0.036 

6A V 548 3 feet 9.11E-02 8.6 1.00E-02 5.9 18 101 32 118 1.4 74 0.0023 0.61 0.18 

6B V 548 3 feet 5.58E-01 16 1.57E-02 60 220 707 214 1032 14 680 ND 1.0 0.94 

6C V 548 3 feet 2.84E-02 6.1 6.50E-03 9.4 41 165 50 248 3.0 141 ND 0.63 0.27 

7A V 548 3 feet 2.86E-01 21 1.02E-02 60 565 1865 522 2431 37 1937 ND 1.7 1.9 

7B V 548 3 feet 6.75E-02 17 8.83E-03 10 116 512 184 542 8.5 399 ND 0.97 1.1 

7C V 548 3 feet 1.02E-01 10 6.33E-03 7.7 5.5 32 12 71 0.45 19 ND 0.33 0.027 

7D V 548 3 feet 2.08E-01 18 3.83E-03 39 175 596 181 625 11 529 ND 0.77 0.81 

7E V 548 3 feet 1.53E-01 10 5.17E-03 10 18 87 34 187 1.2 52 ND 0.45 0.19 

8A Ambient DNA 1.39E-01 DNA 2.37E+00 3.5 1.0 5.6 2.6 108 0.12 3.3 0.036 0.31 0.067 

* DNA – Does not apply. 
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Table F11. Metal concentration from ARC 451 and ARC 452A. 

Propellant 
PM2.5  
(µg/g) 

Total PM  
(µg/g) 

PM10  
(µg/g) 

 
 

Total PM  
(µg/g) 

 Al Fe Al Fe Al Fe  Al Fe 

ARC 451 3646 
[15] 

NA 3671 
[15] 

NA 48339 
[18] 

NA  1827 
[18] 

NA 

ARC 452A NS NS NS NS 60465 
[29] 

2474 
[3.9] 

 
 

1291 
[29] 

184 
[3.9] 

* Only one sample collected from each propellant. Detection limit within brackets.  
NS – Not sampled. NA – not analyzed.  
 
 
 
Table F12. Metal concentration in each collected soil sample in µg/g.* 

 

Pit  
Background 

Post detonation 
of CompB 

Sand fill 
Background 

Post detonation 
of V453 

Post detonation 
of V548 

Aluminum 3940 [1.48] 3450 [1.45] 3470 [1.40] 3810 [1.41] 4220 [1.34] 

Calcium 7670 [0.494] 7820 [0.483] 5870 [0.466] 6370 [0.469] 5560 [0.447] 

Iron 5060 [0.198] 5040 [0.0193] 4980 [0.187] 4860 [0.188] 5070 [0.179] 

Hafnium <MDL [0.198] <MDL [0.198] <MDL [0.198] <MDL [0.198] <MDL [0.198] 

Potassium 1140 [0.494] 1110 [0.483] 922 [0.466] 1120 [0.469] 1230 [0.447] 

Magnesium 1710 [0.198] 1680 [0.193] 1220 [0.187] 1400 [0.188] 1550 [0.179] 

Manganese 101 [0.020] 90.6 [0.019] 83.9 [0.019] 90.5 [0.019] 103 [0.018] 

Sodium 90.4 [1.19] 128 [1.16] 73.6 [1.12] 104 [1.13] 100 [1.07] 

Lead 1.06 [0.494] 1.35 [0.483] 1.16 [0.466] 1.35 [0.469] 0.75 [0.447] 

Zirconium 3.94 [0.099] 4.56 [0.097] 3.79 [0.093] 8.49 [0.094] 3.18 [0.089] 

* MDL – method detection limit. MDL within brackets. 
 
 
Table F13. Metal analyses comparison: ICP versus XRF, in µg/gram.* 

 Filter 
Sample # Matrix Buried 

depth Al Ca Fe Hf K Mg Mn Na Pb Zr 

ICP 1A Comp B Surface 18458 25610 9186 ND 
[169] 

3868 3729 253 4463 ND 
[423] 

ND 
[85] 

XRF 1A Comp B Surface 18068 19119 8108 94 
[75] 

7637 9892 136 15293 50 
[36] 

61 
[23] 

                            
ICP 3B Comp B 6 feet 7526 10410 6022 ND 

[11] 
1913 1729 134 532 ND 

[27] 
12 

XRF 3B Comp B 6 feet 16787 9955 5809 ND 
[5.7] 

6133 1391 96 ND 
[1594] 

10 46 

              
ICP 5C V 453 6 feet 10483 9612 7730 ND 

[64] 
2266 2090 167 1331 ND 

[159] 
ND 
[32] 

XRF 5C V 453 6 feet 13083 7552 7260 75 
[28] 

5787 1479 106 ND 
[436] 

ND 
[14] 

23 
[7.2] 

* ICP - inductively coupled plasma. XRF - X-ray fluorescence. ND – not detected. Detection limits within brackets. 
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Table F14. VOC EF for each collected sample in lb/lb Carbon.* 

Sample # Benzene Toluene Ethylbenzene Xylene 
1,2,4-

Trimethylbenzene 

Comp B , 3 feet 1 3.5E-04 1.5E-04 ND 7.0E-05 3.7E-05 

V458, 3 feet 1 5.7E-03 2.3-03 1.6E-04 ND ND 

V 453, 3 feet 1 9.9E-04 1.9E-04 2.0E-05 ND 4.5E-05 

 2 1.4E-03 1.2E-03 1.4E-04 2.5E-04 ND 

ARC 451 1 ND BBL ND ND ND 

ARC 452A 1 ND BBL ND ND ND 
* ND = Not detected, see Table E13 for detection limits. BBL = Below background level. 
 
 
Table F15. VOC, CO2 and CO concentration in each collected SUMMA canister sample.# 

Sample 
 

Compound 

Ambient Ambient 
Comp B 
3 feet 

V453 
3 feet 

V453 
3 feet 

V 548 
3 feet 

ARC 451 
ARC 

452A 

µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 

Propene 
0.59 

[0.20] 
ND [1.9] 48 [2.3] 

6.2 
[0.24] 

7.3 
[0.26] 

7.7 
[0.43] 

1.5 
[0.20] 

2.8 
[0.32] 

1,3-Butadiene* 
ND 

[0.24] 
ND [2.4] ND [2.8] 

1.6 
[0.29] 

1.4 
[0.32] 

1.2 
[0.52] 

ND 
[0.24] 

ND 
[0.40] 

Bromomethane* 
ND 

[0.21] 
ND [2.1] ND [2.4] 

2.4 
[0.26] 

ND 
[0.28] 

ND 
[0.46] 

ND 
[0.21] 

ND 
[0.35] 

Ethanol 2.7 [1.4] ND [1.4] 18 [16] 2.6 [1.7] 18 [1.8] ND [3.0] 2.0 [1.4] ND [2.3] 

Acetonitrile ND 0.36] ND [3.5] 150 [4.2] 52 [0.44] 33 [0.48] 21 [0.79] 
0.82 

[0.36] 
ND 

[0.60] 

Acrolein* 
0.54 

[0.30] 
ND [2.9] 5.6 [3.5] 

4.9 
[0.37] 

1.7 
[0.40] 

ND 
[0.66] 

0.96 
[0.30] 

0.76 
[0.50] 

Acetone 11 [1.7] 17 [16] 170 [19] 26 [2.0] 30 [2.2] 44 [3.6] 22 [1.7] 29 [2.7] 

2-Propanol (Isopropyl 
Alcohol) 

1.0 
[0.51] 

ND [5.0] 53 [5.9] 
0.91 

[0.62] 
ND 

[0.68] 
ND [1.1] 

1.6 
[0.51] 

3.0 [0.84 

Acrylonitrile* 
ND 

[0.27] 
ND [2.6] ND [3.1] 

6.6 
[0.33] 

4.4 
[0.36] 

ND 
[0.59] 

ND 
[0.27] 

ND 
[0.45] 

Carbon Disulfide* 
0.25 

[0.20] 
2.0 [1.9] 9.7 [2.3] 

0.88 
[0.24] 

1.1 
[0.26] 

0.69 
[0.43] 

0.63 
[0.20] 

2.2 
[0.32] 

trans-1,2-Dichloroethene 
ND 

[0.23] 
ND [2.2] ND [2.6] ND 

1.3 
[0.30] 

1.7 
[0.49] 

ND 
[0.23] 

ND 
[0.37] 

Vinyl Acetate* 
ND 

[0.91] 
ND [8.8] ND [10] 3.2 [1.1] 1.9 [1.2] ND [2.0] 

ND 
[0.90] 

ND [1.5] 

2-Butanone (methyl 
ethyl ketone) 

ND 
[0.30] 

ND [2.9] 11 [3.5] 
3.8  

[0.37] 
6.0 

[0.40] 
ND 

[0.66] 
6.0 

[0.30] 
2.7 

[0.50] 

Ethyl Acetate 
ND 

[0.48] 
ND [4.7] ND [5.6] 

ND 
[0.59] 

4.4 
[0.64] 

ND [1.0] 
ND 

[0.48] 
ND 

[0.79] 

n-Hexane* 
ND 

[0.24] 
ND [2.4] ND [2.8] 

ND 
[0.29] 

1.1 
[0.32] 

2.1 
[0.52] 

ND 
[0.24] 

ND 
[0.40] 

Chloroform* 
ND 

[0.21] 
ND [2.1] ND [2.4] 

ND 
[0.26] 

ND 
[0.28] 

ND 
[0.46] 

0.50 
[0.21] 

ND 
[0.35] 

Tetrahydrofuran (THF) 
1.3 

[0.39] 
ND [3.8] ND [4.5] 

ND 
[0.48] 

4.6 
[0.52] 

1.9 
[0.85] 

2.4 
[0.39] 

ND 
[0.64] 

Benzene* 
ND 

[0.21] 
ND [2.1] 33 [2.4] 17 [0.26] 14 [0.28] 31 [0.46] 

ND 
[0.21] 

ND 
[0.35] 

Carbon Tetrachloride* 
0.24 

[0.23] 
ND [2.2] ND [2.6] 

0.52 
[0.27] 

ND 
[0.30] 

ND 
[0.49] 

1.4 
[0.23] 

0.95 
[0.37] 
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Sample 
 

Compound 

Ambient Ambient 
Comp B 
3 feet 

V453 
3 feet 

V453 
3 feet 

V 548 
3 feet 

ARC 451 
ARC 

452A 

µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 µg/m3 

n-Heptane 
ND 

[0.21] 
ND [2.1] ND [2.4] 

ND 
[0.26] 

1.7 
[0.28] 

0.81 
[0.46] 

ND 
[0.21] 

ND 
[0.35] 

4-Methyl-2-pentanone 
0.44 

[0.24] 
ND [2.4] 4.9 [2.8] 

0.53 
[0.29] 

1.1 
[0.32] 

ND 
[0.52] 

3.8 
[0.24] 

1.2 
[0.40] 

Toluene* 
0.22 

[0.21] 
ND [2.1] 15 [2.4] 

3.8 
[0.26] 

12 [0.28] 13 [0.46] 
0.31 

[0.21] 
0.37 

[0.35] 

2-Hexanone 
ND 

[0.29] 
ND [2.8] ND [3.3] 

0.64 
[0.35] 

0.77 
[0.38] 

ND 
[0.62] 

1.2 
[0.29] 

0.72 
[0.47] 

n-Octane 
ND 

[0.21] 
ND [2.1] ND [2.4] 

ND 
[0.26] 

0.32 
[0.28] 

ND 
[0.46] 

ND 
[0.21] 

ND 
[0.35] 

Ethylbenzene 
ND 

[0.23] 
ND [2.2] ND [2.6] 

0.34 
[0.27] 

1.4 
[0.30] 

0.89 
[0.49] 

ND 
[0.23] 

ND 
[0.37] 

m,p-Xylenes* 
ND 

[0.44] 
ND [4.3] 6.5 [5.0] 

ND 
[0.53] 

1.8 
[0.58] 

ND 
[0.95] 

ND 
[0.44] 

ND 
[0.72] 

Styrene* 
ND 

[0.23] 
ND [2.2] ND [2.6] 

0.92 
[0.27] 

0.85 
[0.30] 

ND 
[0.49] 

ND 
[0.23] 

ND 
[0.37] 

o-Xylene* 
ND 

[0.24] 
ND [2.4] ND [2.8] 

ND 
[0.29] 

0.64 
[0.32] 

ND 
[0.52] 

ND 
[0.24] 

ND 
[0.40] 

n-Nonane 
ND 

[0.21] 
ND [2.1] 2.9 [2.4] 

ND 
[0.26] 

0.55 
[0.28] 

ND 
[0.46] 

ND 
[0.21] 

ND 
[0.35] 

1,2,4-Trimethylbenzene 
ND 

[0.23] 
ND [2.2] 3.5 [2.6] 

ND 
[0.27] 

0.44 
[0.30] 

ND 
[0.49] 

ND 
[0.23] 

ND 
[0.37] 

d-Limonene ND [0.26 ND [2.5] ND [3.0] 
0.57 

[0.31] 
1.1 

[0.34] 
ND 

[0.56] 
ND 

[0.26] 
ND 

[0.42] 

Naphthalene* 
ND 

[0.32] 
ND [3.1] ND [3.7] 

0.39 
[0.38] 

ND 
[0.42] 

ND 
[0.69] 

ND 
[0.32] 

ND 
[0.52] 

CO2 ppmV 
290 

<0.11> 
370 

<0.11> 
460 

<1.3> 
390 

<0.14> 
380 

<0.15> 
370 

<0.25> 
450 

<0.11> 
400 

<0.19> 

CO ppmV 
ND 

<0.17> 
ND 

<0.16> 
100 

<1.9> 
15 

<0.20> 
10 

<0.22> 
11 

<0.36> 
ND 

<0.17> 
ND 

<0.27> 
# ND=Not detected, detection limit within parentheses. Method reporting limit within arrows. *Included in the 
USEPA list of hazardous air pollutants (HAP). Munitions samples here are not corrected for ambient air concentra-
tions. 
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Table F16. Particle emission factor (lb/lb NEW) comparison for three OD series.  Simultaneous 
measurements with batch filter sampling and continuous light-scattering measurements 
(DustTrak).  

  
PM10  PM2.5 

SERIES Filter DustTrak DustTrak*  Filter DustTrak DustTrak* 

   
 

 
V453 3 feet 258 0.35 0.63  7.7 0.51 0.92 

V548 3 feet 278 1.4 2.5  19 1.2 2.2 

V548 3 feet 268 1.3 2.3  6.7 0.54 0.97 

* Concentrations corrected using the custom photometric calibration factor (PCF) of 1.8. 

The high PM mass loadings from many of the V453 and V548 detonations saturated many of the 
optical PM channels on the DustTrak, rendering the data uninterpretable.  Eight of fourteen open 
detonations resulted in saturation of the light-scattering Total PM and PM10 optical channels (in-
strument saturation >150 mg/m3).  For some detonations (three of fourteen) all of the channels 
were saturated.  Only three of the detonations resulted in all PM channels less than 150 mg/m3. A 
custom Total PM PCF of 1.8 could only be derived from five non-directly compared gravimetric 
versus light-scattering concentrations since the total PM light-scattering channel was saturated 
for many of the detonations. This custom PCF was used to correct the PM10, PM4, PM2.5 and PM1 
light-scattering channel concentrations since most of the PM existed as PM1. 
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Appendix G: Site Diagrams: OD Locations, OB Locations, and Soil 
Sampling Sites. 

  

Overview of Tooele site 
from 2010 operations 
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Appendix H: Chain of Custody Documents 
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Appendix I: Calibration Gases - Certificates of Analysis 
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Appendix J: CO2 CEM Calibration and Drift Data 

Analyzer Calibration Data 

The LICORs CO2 analyzers underwent daily, 3-point calibrations. The calibration errors were calculated 
for each calibration point according to U.S. EPA Method 3A, using the following equation: 

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑃𝑃𝐶𝐶𝑃𝑃  𝐶𝐶𝐶𝐶𝐶𝐶−𝐶𝐶𝐶𝐶𝐶𝐶  𝑔𝑔𝐶𝐶𝑔𝑔
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶  𝑔𝑔𝐶𝐶𝑔𝑔

Where 

Pre Cal – Measured concentration of calibration gas. 
Cal gas – Calibration gas concentration. 
Span gas - in this case 4499 ppm. 

All calculated errors were below the <2% acceptance criteria as stated by the U.S. EPA Method 3A. 

Key 

LICOR-1 and computer-1 are mounted on the Wilbur Flyer. 
LICOR-2 and computer-2 are mounted on the Orville Flyer. 

6/13/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Computer-2 
(Voltage) 

Error  
(% of calibration span) 

0 -0.040 -0.0021 -0.001 

400 404 0.287 0.093 

1496 1528 1.085 0.73 

4499 4502 3.211 0.073 

y = 0.9998x - 9.7666
R² = 0.9999
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6/14/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Computer-2 
(Voltage) 

Error  
(% of calibration span) 

0 -0.31 -0.0037 -0.007 

400 404 0.284 0.084 

1496 1526 1.085 0.67 

4499 4496 3.211 -0.06 

 

 

 

6/15/2012 
Cal gas 
(ppm) 

Computer-2 
(Voltage) 

0 0.0023 

400 0.287 

1496 1.089 

4499 3.213 

6/16/2012 
Cal gas 
(ppm) 

LICOR-1 
 (ppm) 

Computer-1 
(Voltage) 

Error  
(% of calibration span) 

0 -0.319 -7E-05 -0.007 

400 402 0.198 0.056 

1496 1528 0.760 0.71 

4499 4499 2.252 0.002 

y = 1.0004x - 9.2064
R² = 0.9999
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6/18/2012 
Cal gas 
(ppm) 

Computer-1 
(Voltage) 

0 -0.0013 

400 0.202 

1496 0.766 

4499 2.252 

6/19/2012 
Cal gas 
(ppm) 

LICOR-1 
(ppm) 

Error  
(% of calibration span) 

0 -0.10 -0.002 

400 404 0.087 

1496 1534 0.86 

4499 4501 0.048 

6/20/2012 
Cal gas 
(ppm) 

LICOR-1 
(ppm) 

Error  
(% of calibration span) 

0 -0.32 -0.007 

400 403 0.056 

1496 1528 0.71 

4499 4499 0.002 

y = 1,998.5817x - 9.1762
R² = 0.9999
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6/22/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Error  
(% of calibration span) 

0 -0.22 -0.005 

400 403 0.07 

1496 1522 0.57 

4499 4501 0.04 

6/23/2012 
Cal gas 
(ppm) 

LICOR-1 
(ppm) 

Error  
(% of calibration span) 

0 -0.20 -0.004 

400 404 0.082 

1496 1535 0.79 

4499 4500 -0.04 

6/23/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Error  
(% of calibration span) 

0 -0.023 -0.001 

400 403 0.06 

1496 1523 0.61 

4499 4501 0.04 
y = 1.0000x - 8.0456

R² = 1.0000
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6/25/2012 
Cal gas 
(ppm) 

LICOR-1 
(ppm) 

Error  
(% of calibration span) 

0 -0.18 -0.004 

400 404 0.082 

1496 1532 0.789 

4499 4497 -0.040 

6/25/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Error  
(% of calibration span) 

0 -0.26 -0.006 

400 404 0.081 

1496 1524 0.63 

4499 4496 -0.069 

6/26/2012 
Cal gas 
(ppm) 

LICOR-1 
(ppm) 

Error  
(% of calibration span) 

0 -0.20 -0.004 

400 403 0.074 

1496 1532 0.798 

4499 4502 0.067 

y = 1.001x - 10.877
R² = 0.9999
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6/27/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Error  
(% of calibration span) 

0 -0.33 -0.007 

400 402 0.055 

1496 1527 0.69 

4501 4502 0.020 

6/28/2012 
Cal gas 
(ppm) 

LICOR-2 
(ppm) 

Error  
(% of calibration span) 

0 -0.39 -0.009 

400 403 0.070 

1496 1533 0.82 

4499 4502 0.061 

LICOR drift tests 

The LICOR drift was calculated according to U.S. EPA Method 3A: 

𝐷𝐷𝐶𝐶𝐶𝐶𝐷𝐷𝐶𝐶 = 𝑃𝑃𝐶𝐶𝑔𝑔𝐶𝐶  𝐶𝐶𝐶𝐶𝐶𝐶−𝑃𝑃𝐶𝐶𝑃𝑃  𝐶𝐶𝐶𝐶𝐶𝐶
𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶  𝑔𝑔𝐶𝐶𝑔𝑔

Where 

Post Cal – Measured concentration of calibration gas after run. 
Pre Cal – Measured concentration of calibration gas before run. 
Span gas – in this case, 4499 ppm. 

The system drift for each of the calibration concentrations were below the <±5% acceptance criteria as 
stated by the U.S. EPA Method 3A (Table 1 and Figure 1). 

Table 1. Carbon dioxide drift data for LICOR-1 and LICOR-2. 
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LICOR-1 LICOR-2 
CO2 Calibration 

gas (ppm) 
Drift average (%) Drift STDV Drift average (%) Drift STDV 

0 0.018 0.023 0.0059 0.018 
400 0.055 0.018 -0.035 0.035 

1496 0.090 0.021 -0.069 0.031 
4499 0.11 0.024 -0.23 0.057 

Figure 1. Drift data for LICOR-1 and LICOR-2. 

The LI-820 Instruction manual is stating the following drift data: 

 Zero drift: < 0.15 ppm/°C
 Span Drift at 370 ppm: <0.03%/°C
 Total Drift at 370 ppm: 0.4ppm/°C
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Appendix O: Laboratory Operating Procedures 

SOP for CO2 and CO Collected in Canisters and Analyzed by USEPA 25C Modified 
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Appendix P: Raw Data from CEM for CO2

See the complete set of raw CO2 data collected by the LI-COR Biosciences LI-820 non-
dispersive infrared CEM at: 

Combined CO2 CEM Raw Data.pdf
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Appendix Q: Raw Data from CEM for PM 

See the complete set of raw PM data collected by the DustTrak DRX Aerosol Monitor (model 
#8533) CEM at: 

Combined CEM DustTrak Data.pdf 
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